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ABSTRACT 

This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  February  through 
30  April  1972.  The  topics  covered  are  Solid  State  Device  Research, 
Quantum  Electronics,  Materials  Research,  Physics  of  Solids  and  Micro¬ 
electronics.  The  Microsound  work  is  sponsored  by  ABMDA  and  is  re¬ 
ported  under  that  program. 
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INTRODUCTION 


I.  SOLID  STATE  DEVICE  RESEARCH 

A  new  soft  x-ray  camera,  which  allows  a  50X  faster  exposure  of  polymethyl  methacrylate, 
has  been  developed  for  use  in  x-ray  lithography.  By  using  this  camera,  patterns  with  0.  6pm 
linewidths  have  been  replicated  with  better  than  0.2-pm  resolution. 

A  technique  has  been  developed  which  allows  the  fabrication  of  large -area  masks  for  x-ray 
lithography.  In  this  technique,  5-pm -thick  windows  are  etched  into 200 -pm -thick  silicon  sub¬ 
strates  which  are  used  as  frames  to  support  the  thin  windows.  The  uniform  5 -pm  thickness 

is  obtained  by  diffusing  a  heavily  doped  boron  layer  into  the  sample,  and  then  etching  from 

19  3 

the  reverse  side  with  an  etch  that  stops  when  the  boron  concentration  reaches  ~2  x  10  /cm  . 

Avalanche  photodiodes  have  been  made  in  InGaAs  with  Pt  Schottky  barriers  and  guard  rings 
fabricated  using  proton  bombardment.  In  reverse  bias,  these  diodes  have  shown  photocurrent 
multiplications  of  200  times  the  low -bias  response  and  rise  times  of  <200psec  in  response  to 
a  1.06-pm  mode-locked  NdrYAG  laser.  Reliability  studies  have  been  carried  out  on  Ka-band 
GaAs  1MPATT  diodes  fabricated  using  plated  heat  sinks  of  copper,  silver  or  gold.  These 
studies  clearly  indicate  that  plated  silver  heatsinks  are  superior  to  either  gold  or  copper  heat 
sinks.  In  addition,  a  comparison  between  devices  made  using  proton -bombarded  guard  rings 
and  devices  made  as  inverted  mesas  showed  that  the  proton -bombarded  diodes  had  higher 
burnout  resistance,  with  an  average  burnout  temperature  approximately  50°C  higher  than  the 
inverted  mesa  diodes. 


11.  QUANTUM  ELECTRONICS 

Optical  pumping  of  room  temperature  GaAs  lasers  has  been  carried  out  using  a  wavelength 
tunable,  pulsed,  optical  parametric  oscillator  as  the  pump  source.  The  dependence  of  laser 
operation  on  pump  wavelength  and  power  was  studied  for  several  GaAs  samples.  In  these 
preliminary  studies,  conversion  efficiencies  of  nearly  5  percent  were  obtained  for  high  purity 
samples  (1.6  *  10^  cm  ^  <CNd  +  Na^1.6  x  10^  cm  ).  Si -doped  samples  having  higher 
transparency  in  the  vicinity  of  the  band  gap  than  the  high  purity  samples  showed  broadband 
laser  emission  when  pumped  at  shorter  wavelengths. 

Silicon-doped  GaAs  double  heterostructure  diodes  have  been  fabricated.  These  devices  have 

o 

operated  pulsed  at  room  temperature.  The  observed  lasing  wavelength  of  9400  A  corresponds 
to  a  transition  involving  a  Si  acceptor  level  that  is  shallower  than  those  involved  in  spontane¬ 
ous  emission. 

Studies  of  InAs  lasers  for  pressure  tuning  in  the  2.  2  to  3.  1-pm  range  have  been  undertaken. 
Pulsed  operation,  both  with  diodes  and  with  optically  pumped  materials,  is  being  examined. 
Band -to -band  laser  emission  is  observed  in  high  purity,  optically  pumped  material,  while 
band -to -acceptor  laser  transitions  are  observed  from  diodes.  Greater  heating  and  thus 
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greater  frequency  chirping  are  seen  in  the  optically  pumped  case.  A  faster,  high  repetition 
pulser  is  being  constructed  to  reduce  the  chirp  and  to  allow  higher  spectral  resolution. 

Continuous  recombination  radiation  has  been  observed  at  temperatures  between  2  and  20°K  in 
InSb  optically  pumped  by  a  CO  laser.  At  5.25pm,  10m\V  of  CW  radiation  in  a  single  axial 
mode  was  observed  and,  at  5.45pm,  lower  power  laser  radiation  was  seen  from  a  conduction- 
band -to -Zn -acceptor  transition.  Pulsed  operation  has  also  been  achieved  in  a  rod  of  InSb  op¬ 
tically  pumped  by  an  array  of  GaAs  diodes.  Average  power  outputs  of  about  40 mW  were  ob¬ 
served  at  10°K. 

Studies  of  the  tuning  characteristics  of  a  spin-flip  Raman  laser  have  been  carried  out  using 
low  density  (~TQ^cm  InSb.  The  observed  tuning  rate  of  48  ±  2  MHz/G  is  three  times 
larger  than  the  previously  observed  rate  for  10  cm  °  material.  At  low  carrier  concentra¬ 
tions,  the  spontaneous  linewidth  should  be  narrower  than  for  high  concentration  materials, 
reducing  the  influence  of  the  cavity  resonance  condition  and  allowing  the  oscillation  frequency 
to  tune  at  a  rate  which  is  closer  to  that  for  spontaneous  tuning  (70MHz/G).  The  absolute  fre¬ 
quency  of  the  spin -flip  Raman  laser  was  measured  by  the  heterodyne  technique,  and  short 
term  frequency  drifts  of  less  than  2  MHz/sec  were  observed.  Doppler  limited  spectroscopy 
of  NO  has  also  been  carried  out  with  this  laser. 

Pressure  broadening  has  been  studied  for  the  very  narrow  line  in  the  v ^  band  of  which 
consists  of  two  degenerate  transitions,  16Q  ^  15^  ^  and  16^  ^  15^  The  self¬ 

broadening  coefficient  of  the  full  width  was  found  to  be  15  MHz/torr,  while  that  for  broad¬ 
ening  was  0.  6  MHz/torr.  The  observed  ratio  of  25:1  for  these  rates  is  in  contrast  to  the  5:1 
ratio  reported  for  the  2.7-pm  band. 


111.  MATERIALS  RESEARCH 

The  optical  absorption  of  n-type  CdTe  at  room  temperature  has  been  measured  between  0.9 
and  12pm  for  samples  with  carrier  concentrations  between  3.6  x  10  ^  and  1.8  x  lO^cm  \ 
Intraband  free -carrier  absorption  is  the  predominant  absorption  mechanism  beyond  2  pm,  but 
interband  free -carrier  absorption  appears  to  be  significant  at  shorter  wavelengths. 

The  infrared -to -visible  upconversion  efficiency  of  NaYF^.Yb,  Er  phosphors  has  been  found 
to  depend  strongly  on  their  degree  of  crystalline  perfection.  So  far,  the  highest  efficiencies 
have  been  obtained  for  samples  prepared  from  NaF-rich  melts,  which  crystallize  di¬ 
rectly  in  the  low -temperature  hexagonal  form  rather  than  undergoing  a  cubic -to -hexagonal 
transformation. 

The  compounds  MSbO^  (M  Li,  Na,  Rb  or  Ag)  have  been  prepared  in  body-centered -cubic 
form  by  ion  exchange  between  molten  MNO^and  KSbO^ ,  or  T1  bO^.  The  structures  of  NaSbO^ 
and  AgSbOg  have  been  refined  by  analysis  of  x-ray  diffraction  data  for  single  crystals  obtained 
by  the  ion  exchange  technique. 

The  crystal  structure  of  CuTa^O^  has  been  refined  by  x-ray  diffraction  analysis  for  a  single 
crystal  grown  from  a  flux  of  excess  CuO.  The  compound  is  a  distorted  perovskite  in  which 
each  Cu  atom  has  four  coplanar  nearest  -neighbor  anions  and  eight  next -nearest -neighbor 
anions. 
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IV.  PHYSICS  OF  SOLIDS 


In  the  continuing  phosphor  upconversion  program,  several  excitation  sources,  including  a  xe¬ 
non  arc  lamp  and  a  Nd-YAG  laser,  were  employed  to  study  the  variation  of  visible  emission 
as  a  function  of  infrared  excitation  in  NaY^  ^Yb^  ^Er^  02^4*  °ur  °Ptlca^  sYstem.  at  an 
effective  input  intensity  of  22W/cm^,  a  total  radiant  efficiency  of  over  5  percentwas  achieved 
and  the  efficiency  was  still  rising  at  a  significant  rate  with  further  increasing  excitation. 
Since  the  above  input  intensity  is  well  beyond  what  is  presently  available  on  a  CW  basis,  it 
appears  that  saturation  effects  do  not  represent  the  primary  limitation  for  this  system. 


The  free  energy  model  of  a  metal -insulator  transition,  formulated  earlier  for  T^O^,  *s  being 
extended  to  the  case  of  V^O y  A  theoretical  study  is  under  way,  of  the  steady-state  motion  of 
an  insulating  phase  pulse  injected  into  a  metallic  phase  film  in  the  presence  of  an  electric 
current. 


Work  in  the  high  resolution  laser  spectroscopy  programs  continues.  Zeeman  tuning  of  sev¬ 
eral  absorption  lines  of  the  paramagnetic  NO  gas  was  used  to  bring  them  into  exact  coinci¬ 
dence  with  fixed  frequency  CO  laser  lines  and  thereby  obtain  resolved  absorption  spectra 
of  NO. 

By  using  a  PbSn  00Se.  diode  laser  operating  at  4. 7pm,  previous  measurements  on  the  mol- 
12  16  "  io 

ecule  C  O  were  extended  to  the  isotopic  molecule  C  O  .  From  a  precise  measurement 
of  the  spacing  between  absorption  lines  of  these  two  molecules,  the  ratio  of  the  reduced 
masses  for  the  carbon  isotopes  was  deduced  and  found  to  be  in  good  agreement  with  the  ac¬ 
cepted  mass  spectrographic  value. 

The  program  of  optically  pumping  molecular  gas  systems  to  produce  sub-millimeter  radiation 
has  most  recently  turned  to  an  investigation  of  population  inversion  from  both  the  rotational 
and  inversion -split  states  of  NH^.  New  stable  transitions  have  been  observed,  identified  and 
used  as  a  source  for  studying  the  linewidth  of  hydrogenic  donor  transitions  in  high  purity 
GaAs. 

Samples  of  Hg.  Cd  Te  with  x  0.22  and  0.31,  cooled  to  below  25°K,  have  been  irradiated 
i  x  x  15  2 

by  2.5-MeV  electrons  with  dosages  of  up  to  10  /cm  .  The  samples  were  then  annealed  by 
heating  for  15  minutes  at  progressively  higher  temperatures  and  returned  to  8°K  after  each 
step  to  make  measurements  of  conductivity.  Hall  coefficient,  photoluminescence  and  photo¬ 
voltaic  response.  The  results  appear  to  be  interpre table  in  terms  of  the  introduction  by  irra¬ 
diation  of  energy  levels  in  the  forbidden  gap. 

In  a  theoretical  study  of  imperfections  in  semiconductors,  a  model  of  the  effect  of  lattice  va¬ 
cancies  on  the  electrical  properties  of  small -gap  compound  semiconductors  has  been  formu¬ 
lated,  based  on  T-matrix  theory.  The  theory  is  being  applied  in  particular  to  cases  where 
the  gap  can  be  made  to  vanish  by  choice  of  composition  or  by  the  application  of  pressure. 


V.  MICROELECTRONICS 

Considerable  work  has  been  required  for  equipment  modifications  and  for  equipment  procure¬ 
ment  to  implement  new  processes  or  refinements  in  existing  processes.  The  thin  film 
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laboratory,  in  particular,  has  a  large  amount  of  materials  processing  which  requires  more 
efficient  handling  and  scheduling  to  allow  a  continuation  of  short  turnaround  time  for  these 
tasks.  Other  areas  of  the  microelectronics  laboratory  have  also  been  active  in  equipment 
modifications  and  upgrading. 

The  environmental  area  has  expanded  its  activity  in  life  tests  for  the  electron  beam  semi¬ 
conductor  (EBS)  units  and  GaAs  microwave  diodes,  and  has  continued  to  evaluate  all  prototype 
hybrid  integrated  circuits  and  devices  produced  in  the  microelectronics  facility. 

The  mask -making  area  has  delivered  approximately  400  masks  since  the  first  of  the  year, 
and  the  workload  continues  at  a  relatively  high  level.  The  inadequate  environment  of  the 
present  mask-making  area  continues  to  cause  processing  problems  and  limits  the  efforts  to 
improve  the  throughput  time. 

A  computer  program  to  estimate  the  substrate  area  required  for  a  particular  circuit,  based 
on  its  schematic,  is  nearly  complete.  Although  the  basic  equation,  which  was  derived  empir¬ 
ically,  has  been  employed  for  some  time,  the  stored  information  on  component  size,  sub¬ 
strate  area,  available  package  sizes  and  I/O  pin  configuration  allows  the  computer  to  display 
the  available  options  in  package  shape  and  size. 
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I.  SOLID  STATE  DEVICE  RESEARCH 


A.  SOFT  X-RAY  LITHOGRAPHIC  EXPOSURE  APPARATUS 

2 

Soft  x-ray  lithographic  exposure  apparatus  has  been  built  which  allows  a  5-cm  area  of 

polymethyl  methacrylate  resist  to  be  adequately  exposed  in  less  than  30  minutes,  and  the  same 

area  of  Kodak  Micro-Negative  resist,  in  less  than  8  minutes.  This  represents  a  factor-of-50 

1  2 

reduction  over  the  exposure  times  previously  reported.  *  The  apparatus,  shown  in  Fig.  1-1, 

3 

incorporates  an  electron  beam  evaporation  gun  with  the  target  material  firmly  attached  to  the 
hearth  for  efficient  heat  dissipation.  A  2-cm-diameter  filament  is  shielded  from  the  target 
(here  aluminum),  which  greatly  reduces  the  build-up  of  soft  x-ray  absorbing  tungsten  on  it. 

a 

Characteristic  8.3-A  A1^q  x-rays  emanate  from  the  1  -mm-diameter  focal  spot  and  pass  through 
a  0.1-mil  aluminum  filter,  which  absorbs  the  thermal  radiation  and  any  stray  electrons,  yet 
passes  80  percent  of  the  x-rays.  The  polymer-resist  coated  wafer  with  an  x-ray  mask  clamped 
on  it  is  located  32  mm  from  the  target.  The  water-cooled  camera  is  attached  to  a  vacuum 
blank-off  plate.  During  operation,  50cc/min  of  water  flow  is  sufficient  to  keep  the  wafer  near 
room  temperature. 


Fig.  1-1 .  Diagram  af  soft  x-ray  exposure  apparatus. 
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Fig.  I -2(a).  Proposed  structure  far  a  large  area  saft  x-ray  mask  substrate. 
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Fig.l-2(b).  Photograph  af  a  ane-inch-square  silicon 
wafer  with  an  array  af  5-pm-thick,  60-mil-square 
membranes  etched  inta  it. 


2 


Section  I 


Under  normal  operating  conditions  (8kV  and  50mA  of  electron  beam  current),  the  surface 
of  the  aluminum  target  is  molten  in  the  1-mm  focal  spot  and  evaporates  at  a  very  low  rate. 
This  evaporation  keeps  the  aluminum  surface  free  of  contamination,  but  requires  changing  the 
0.1-mil  filter  after  every  20  to  50  hours  of  use. 

Interdigital  surface  wave  transducer  patterns  with  0.6-pm  linewidths  have  been  replicated 
in  this  system  with  better  than  0.2-pm  resolution.  With  a  copper  target,  it  should  be  possible 

o 

to  obtain  500-A  resolution  at  the  expense  of  a  somewhat  longer  exposure  time. 

D.  L.  Spears 


B.  SUBSTRATE  FOR  SOFT  X-RAY  MASK 

The  substrate  of  a  soft  x-ray  lithographic  mask,  which  provides  the  support  for  the  absorb¬ 
ent  gold  film  in  which  the  device  pattern  exists,  must  be  smooth,  flat  and  transparent  to  soft 

1  ° 
x-rays.  Due  to  the  strong  absorption  coefficient  of  all  solid  materials  in  the  10- A  wavelength 

region  (>1000  cm  *),  this  substrate  must  be  extremely  thin,  a  few  microns,  and  it  requires  an 

2 

adequate  support  frame.  A  1-cm  active  area  mask  could  be  fabricated  on  a  structure,  such 
as  that  shown  in  Fig.  I-2(a),  which  consists  of  a  window  lattice  frame  with  a  thin  membrane 
attached  across  the  bottom  surface.  On  each  window  opening,  a  set  of  submicron  device  patterns 
could  be  placed.  It  is  desirable  that  the  lattice  frame  and  the  membrane  be  made  of  the  same 
material  to  avoid  differential  thermal  expansion,  which  would  severely  degrade  ultra-high  reso¬ 
lution  pattern  replication. 

Such  substrates  have  been  made  from  silicon,  which  has  a  relatively  low  absorption  coeffi- 

o 

cient  in  the  7-  to  15-A  region.  A  standard  8-mil-thick  silicon  wafer  diffused  with  boron  pro¬ 
vides  the  starting  material.  The  boron  layer  serves  two  purposes.  First,  it  renders  the  silicon 

4 

inert  to  the  etching  action  of  the  ethylene  diamine-pyrocatechol-water  chemical  etch,  enabling 
thin  membranes  of  precise  thickness  to  be  made.  Second,  the  addition  of  boron  contracts  the 
silicon  lattice  (due  to  the  small  covalent  radius  of  boron)  resulting  in  membranes  which  are 
under  tension  and  thus  very  flat.  Figure  I- 2 ( b)  is  a  transmission  photograph  of  a  one- inch-square 
silicon  wafer  in  which  an  array  of  60-mil-square,  5-pm-thick  membranes  were  etched.  The 

o 

pattern  was  defined  on  the  back  of  the  wafer  in  a  2000-A  layer  of  SiO^,  which  is  not  attacked  by 
the  etch.  The  etch  was  carried  out  at  115  °C  in  a  reflux  boiler.  The  optical  semi-transparency 
of  silicon  a  few  microns  thick  allows  us  to  visually  determine  the  uniformity  of  the  membrane, 
which  is  generally  better  than  0.1  pm. 

The  etch  is  strongly  anisotropic,  etching  16  times  faster  into  the  <100>  plane  than  the  <llO 
plane.  Thus,  a  square  opening  in  the  SiO^  etches  a  hole  in  <100>  silicon  the  shape  of  a  perfect 
truncated  pyramid  with  sides  of  <11 1>  planes.  The  tapered  edges  allow  full  use  of  the  window 
area.  In  addition,  this  structure  is  easily  handled.  It  can  be  immersed  and  agitated  in  cleaning 
solutions  and  blown  dry  with  an  air  brush  without  damage.  Three  different  boron  diffusions  were 
carried  out  using  a  boron  nitride  source  under  approximate  complementary  error  function  condi¬ 
tions,  which  gave  etched  membranes  5.0,  3.3  and  2.4  pm  thick.  The  concentration  of  boron  at 

19  -  3 

the  critical  depth  for  these  wafers  is  calculated  to  be  about  2x10  cm  ,  which  is  somewhat 

less  than  that  reported  in  Ref.  4.  rx  T 

r  D.  L.  Spears 

R.  A.  Cohen 
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C.  HIGH-SPEED  InGaAs  AVALANCHE  PHOTODIODES 

Avalanche  photodiodes  which  have  gains  of  more  than  200  at  subnanosecond  response  times 
have  been  fabricated  in  InGaAs  alloys. 

The  structure  used  for  these  devices  consists  of  a  semi-transparent  Pt  Schottky  barrier  on 
an  epitaxial  layer  of  InGaAs,  as  shown  in  Fig.  1-3.  The  material  is  prepared  by  vapor -phase 

epitaxy.  A  graded  layer  of  InGaAs  is  first 
grown  on  an  n+  GaAs  substrate  followed  by  a 
constant  composition  InGaAs  layer  which  forms 
the  active  part  of  the  device.  Edge  breakdown 
at  the  perimeter  of  the  Schottky  barrier  is 
effectively  eliminated  by  a  high  resistivity  layer, 
about  4  pm  deep,  created  by  proton  bombard¬ 
ment.  The  proton  bombardment  also  provides 
surface  passivation. 

A  mode-locked,  Nd-doped  YAG  laser 
emitting  at  1.06  pm  was  used  to  evaluate  the 
speed  of  response  of  these  devices.  The  output  pulse  shown  in  Fig.  1-4  was  measured  across 
the  50-ohm  load  of  a  sampling  oscilloscope  with  a  device  operating  at  a  gain  of  approximately 
200  and  a  bias  voltage  of -35.0  V.  Higher  avalanche  gains  with  this  same  speed  of  response  have 
been  observed,  but  it  is  difficult  to  accurately  determine  their  value.  This  is  due  to  the  small 
value  of  the  primary  photocurrent  at  low  bias  and  at  incident  power  levels  low  enough  to  avoid 
gain  saturation  at  operating  bias  (maximum  gain).  The  rise  and  fall  time  observed  is  less  than 
200  psec,  although  it  is  not  clear  at  this  time  whether  this  is  limited  by  the  response  speed  of 
the  detector  or  by  the  output  pulse  of  the  laser.  Using  a  spectrum  analyzer,  the  response  of 
the  diode  has  been  observed  to  be  essentially  flat  out  to  more  than  1.9  GHz  at  this  gain. 

The  ultimate  objective  of  this  work  is  to  develop  a  1.06-pm  avalanche  photodiode  with  a 
quantum  efficiency  greater  than  30  percent  (at  1.06  pm),  a  gain  of  more  than  100,  and  an  equiv¬ 
alent  noise  current  less  than  3  mA  (corresponding  to  the  noise  figure  of  the  first  stage  amplifier) 
for  use  in  a  high  data  rate  (1  Gbps)  satellite  communication  system.  The  desired  rise  and  fall 
time  of  this  detector  is  <Cl00psec.  However,  the  1.9— GHz  response  time  observed  with  the 

T-a-io405-i  i 


Fig.  1-4.  Phatacurrent  response  of  an  InGaAs 
avalanche  diade  ta  1.06-pm  pulses  from  a 
made-lacked  Nd:YAG  laser.  The  response 
shown  is  far  a  diade  avalanche  gain  af  200 
times  the  law  bias  response. 
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Fig.  1-3.  Crass-sectian  af  an  InGaAs  avalanche 
phatadiade  fabricated  with  a  platinum  Schattky 
barrier  and  a  protan-bambarded  guard  ring. 
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5-mil-diameter  devices  is  adequate  for  a  1-Gbps  data  rate  system.  An  equivalent  noise  current 
of  about  2  mA  for  the  operating  gain  of  ~200  has  been  measured  at  30  MHz.  The  required  gain 
has  already  been  achieved,  but  not  with  the  desired  quantum  efficiency  at  1.06  pm.  The  spectral 
response  of  an  In^  lc.Ga0  g^As  detector  shown  in  Fig.  1-5  has  a  long  wavelength  cutoff  at  1.03  pm 


Fig.  1-5.  Relotive  spectrol  response  of  an  lnQ#  ] 5GaQ.  85^s  photodiode, 
ot  low  bios,  os  o  function  of  wovelength. 

and  the  quantum  efficiency  at  1.06  pm  is  low.  However,  the  peak  quantum  efficiency  at  0.95  pm 
is  about  32  percent,  and  values  from  40  to  60  percent,  depending  on  the  thickness  of  the 
Pt  Schottky  barrier,  are  routinely  obtained.  From  these  results,  we  conclude  that  the  attain¬ 
ment  of  high  quantum  efficiency  at  1.06  pm  requires  material  with  about  20-percent  InAs.  Devices 
are  currently  being  fabricated  with  material  of  this  composition. 

G.  E.  Stillman  W.  T.  Lindley 

C.  M.  Wolfe  P.  Moulton 

A.  G.  Foyt  I.  Melngailis 

D.  PROTON  GUARDED  GaAs  IMPATT  DIODES  AT  K  BAND 

a 

In  this  section,  the  fabrication  of  the  K  -band  GaAs  IMPATT  diodes  mentioned  in  the  pre- 

6  a 

vious  Solid  State  Research  Report  is  presented  in  detail.  In  addition,  the  results  of  reliability 
and  life  test  experiments  are  described.  These  experiments  show  that  silver-plated  heat  sinks 
are  superior  to  either  gold  or  copper  heat  sinks,  and  also  that  diodes  made  using  proton  guarding 
have  a  burn-out  resistance  superior  to  those  made  in  the  inverted  mesa  configuration. 

Both  bulk  samples  and  n-n+  epitaxial  layers  have  been  used  as  substrates.  The  first  several 
steps  of  the  fabrication  procedure  of  a  bulk  material,  Schottky-barrier  device  are  shown  in  Fig.  1-6. 
After  the  GaAs  surface  is  cleaned  and  free-etched,  a  grid  of  3.5-pm-deep  channels  is  etched 
into  the  face  of  the  sample  using  SiO^  as  an  etch  mask.  The  SiCX,  is  then  removed  and  platinum 
is  plated  over  the  entire  surface  of  the  sample,  forming  the  active  Schottky-barrier  junction. 

A  thick  layer  of  silver,  followed  by  a  thin  layer  of  gold  for  mounting  purposes,  is  then  plated  on 
the  platinum.  The  choice  of  silver  as  the  heat  sink  material  was  made  on  the  basis  of  an 
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Fig.  1-7.  Fabrication  sequence  far  the  KQ-band  GaAs  IMPATT  diade  (side  2). 
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experiment  designed  to  compare  the  operating  life  of  devices  with  gold,  silver  and  copper  heat 
sinks.  In  this  experiment,  a  number  of  device-like  structures  with  each  of  the  metalization 
schemes  were  biased  into  avalanche  breakdown,  at  power  levels  just  below  the  burn-out  point, 
and  the  time  taken  for  each  to  fail  was  monitored.  Although  the  current  number  of  failures  is 
small,  it  is  clear  that  the  lifetime  of  the  GaAs-Pt-Ag  metalization  is  considerably  longer  than 
that  of  either  the  copper  or  gold  metalizations. 

The  plated  wafer  is  then  mounted  on  a  sapphire  slab  and  the  GaAs  is  mechanically  and  chem¬ 
ically  removed  until  the  grid  of  channels  just  appears  over  the  entire  back  face,  as  depicted  in 
f  ig  1-7.  Thus,  the  thickness  of  the  GaAs  is  reduced  to  less  than  the  channel  depth,  3.5  pm. 

A  chr  ome  (400  A),  platinum  (2000  A)  and  gold  (^000  A)  layer  is  then  sputtered  onto  the  back  side 
of  the  GaAs;  an  additional  3-pm- layer  of  gold  is  plated  onto  the  sputtered  gold,  and  a  contact 
pattern  is  defined  on  the  back  surface  photolithographically  The  gold,  platinum  and  chrome  are 
then  etched  away  from  the  unmasked  areas  delineating  the  contact,  as  shown  in  the  figure  it 
should  be  noted  that  the  contact  is  not  ohmic,  but  will  in  operation  be  a  forward-biased  Schottkv 
barrier.  Although  some  ohmic  contacting  schemes  have  been  tried,  using  Au-Ge  alloys,  the 
performance  of  devices  with  Schottkv- barrier  back  contacts  has  thus  far  been  superior. 

The  device  is  then  bombarded  with  400-keV  protons.  The  protons  do  not  penetrate  the 
3.5-pm  Au  contacts,  but  are  capable  of  penetrating  4  pm  of  GaAs.  The  effect  of  the  protons  is 
to  convert  the  entire  layer  of  GaAs  surrounding  the  back  contacts  into  semi-insulating  material. 
This  process  serves  to  delineate  the  active  device  area  and  also  to  suppress  edge  breakdown. 

A  sketch  of  the  finished  device  is  shown  in  Fig.  1-8.  Although  the  proton  guarding  technique 
has  other  advantages,  the  convenience  of  the  technique  can  be  appreciated  at  this  point.  The 
optimum  device  diameter  at  these  frequencies 
is  approximately  2  mils,  rendering  conven¬ 
tional  etched-mesa  techniques  difficult.  In  the 
present  scheme,  the  accuracy  with  which  the 
devices  can  be  delineated  is  limited  only  by  the 
accuracy  with  which  the  bombardment  mask, 
the  back  contact,  can  be  defined.  It  is  also 
apparent  that  no  increased  difficulty  attaches 
to  the  creation  of  arbitrarily  shaped  devices  by 
this  method,  e.g.,  ring  structures. 

After  the  proton  guarding  operation,  the 
devices  are  separated  with  a  multi-wire  string 
saw.  Each  device  is  then  soldered  onto  a  gold- 
plated,  threaded  copper  cylinder  using  a  Au-Sn  solder  and  contacted  using  thermal-compression 
bonding  with  a  3-  by  0.5-mil  gold  ribbon  which  extends  from  an  alumina  stand-off.  A  photograph 
of  a  mounted  and  contacted  device  is  shown  in  Fig.  1-9. 

These  basic  fabrication  steps  have  been  adapted  to  produce  a  variety  of  different  1MPATT 
diodes.  The  essential  features  of  these  configurations  are  shown  and  compared  in  Fig.  1-10. 

The  p-n  junction  devices  were  fabricated  by  the  implantation  of  zinc  ions  into  bulk  n-type  material. 
Microwave  results  on  these  samples  are  entirely  comparable  to  those  from  Schottky-barr ier 
diodes  on  the  same  material.  As  mentioned  before,  epitaxial  material  has  also  been  used  with 
no  measurable  improvement  in  the  microwave  results. 


Tia-Momwl 


Fig.  1-8.  Cross-section  sketch  of  the  Ka-band  GaAs 
IMPATT  diode. 
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Fig.  1-9.  Photograph  of  a  Ka-bond  GoAs  IMPATT 
diode  mounted  on  o  capper  heotsink  and  contocted 
with  a  0.5X  3-mil  gold  ribbon. 


n-GaAs  — ■ 

PLATINUM  • 


>^ZZZZZZ2ZZZZZ&ZZ2ZZZZZm2ZZZZZZZm2Zn 

SCHOTTKY  BARRIER  ON  BULK  GaAs 


X 


E 


n++-GoAs  • 
n -GoAs  — 


PLATINUM 


SCHOTTKY  BARRIER  ON  EPITAXIAL  GaAs 


X 


E 


n-GgAs  - ^  f  ) 

p  -  GaAs  — — ■ —  ( 

PLATINUM  — - 


p-n  JUNCTION  IN  BULK  GaAs 


!> 


E 


n-GoAs  - — 

n+  -  GaAs  — 


platinum - 

SCHOTTKY  BARRIER  ON  RETROGRADE  GaAs 


E 


|u-D0-<?3M| 


Fig.  1-10.  Brief  summary  af  various  Ka-bond  GaAs  IMPATT  diodes  that  hove  been 
fobricated.  A  cross-section  of  each  device  is  shown  an  left  side  of  figure;  o  plot 
of  electric  field  voriation  an  the  right.  Devices  made  on  retrograde  GaAs  hove 
not  os  yet  been  tested  far  microwave  performance. 
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Fig.  1-1 1 .  Cross-section  of  the  microwove  circuit 
used  for  evoluotian  of  the  KQ-band  GoAs  IMPATT 
diodes,  (a)  Microwove  circuit,  (b)  Sample  con¬ 
tacting  arrongement. 


Most  of  the  microwave  results  have  been  obtained  in  circuits  similar  to  that  shown  in  Fig.  I- 11. 
The  copper  mounting  cylinder,  on  which  the  device  is  alloyed,  is  inserted  into  a  reduced-height 
waveguide  and  the  device  is  contacted  by  a  spring-loaded  pin.  The  circuit  can  be  tuned  by  means 
of  the  sliding  short  shown. 

Results  from  the  various  devices  fabricated  to  date  are  listed  in  Table  1-1.  Although  these 
results  are  among  the  better  ones,  power  conversion  efficiencies  of  6  percent  are  commonplace 
at  frequencies  in  the  30-GHz  range. 

The  oscillator  tuning  characteristic  of  a  typical  device  is  shown  in  Fig.  1-12.  The  data 
points  on  this  curve  were  obtained  by  tuning  for  maximum  power  output  at  each  DC  current  set¬ 
ting.  A  characteristic  of  this  form  is  expected  from  normal  IMPATT  diode  oscillator  operation. 

The  novel  aspect  of  this  fabrication  scheme  is  the  guarding  of  the  devices  by  proton  bom¬ 
bardment.  Although  the  suppression  of  edge  breakdown  in  avalanche  diodes  by  proton  guarding, 
was  reported  some  time  ago/  it  is  not  obvious  that  the  bombarded  region  is  semi-insulating  at 
microwave  frequencies.  In  view  of  the  microwave  results,  however,  it  appears  that  the  guarded 
region  is  in  fact  not  seriously  parasitic.  Another  possible  difficulty  with  proton  guarding  could 
be  the  tendency  to  anneal  at  the  high  operating  temperatures  (200 °C)  of  these  devices,  liowever, 
life  tests  in  300  °C  ovens  and  the  prolonged  life  of  the  device-like  reliability  test  structures 
mentioned  earlier  strongly  indicate  that  there  is  no  difficulty  in  this  regard  cither.  Apparently, 
temperatures  on  the  order  of  700  °C  are  necessary  to  anneal  out  the  proton  guarding. 

A  number  of  etchcd-mesa  devices  have  also  been  made  in  order  to  compare  the  proton- 
guarding  and  etched-mesa  techniques.  The  microwave  performance  of  the  two  different  struc¬ 
tures  was  comparable;  however,  the  proton  guarded  devices  were  clearly  capable  of  sustaining 
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TABLE  1-1 

SUMMARY  OF  THE  MICROWAVE  OSCILLATOR  PERFORMANCE 

OF  THE  K  -BAND  GaAs  IMPATT  DEVICES  FABRICATED  TO  DATE 
o 

Type 

Power  Out 
(mW) 

Efficiency 

(percent) 

Frequency 

(GHz) 

Epitaxial 

Schottky  borrier 

380 

6.8 

28 

Bulk 

p-n  junction 

320 

6.7 

32 

Schottky  barrier 

250 

6.4 

39 

Schottky  borrier 

280 

6 

30 

Fig.  1-12.  Oscillotar  output  power  plotted  os  o  function  of  DC  input  power 
far  o  Ka-band  GaAs  IMPATT  diode  operating  at  30  GHz.  At  each  input 
power  level,  circuit  tuning  wos  odjusted  for  moximum  osci Motor  power. 
Dashed  lines  shown  ore  lines  of  constant  power  conversion  efficiency. 
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•  ETCHED  MESA 
O  PROTON  GUARDED 


h«-«-io5«  I 


o  o 


FOR  PROTON  GUARDED  DEVICES, <T0  -  TA>  =  197.  5*C 
FOR  ETCHED  MESA  DEVICES, <T0  -TA>  =  145*C 


100  200 
CALCULATED  TEMPERATURE  RISE  AT  BURN-OUT  <*C) 


Fig.  1-13.  Comparison  of  power-handling  capabilities  of  proton-guarded  and  etched-mesa 
Ka-band  GaAs  IMPATT  diodes.  For  each  device,  calculated  burn-out  temperature  Is 
plotted  on  x-axis  and  device  diameter  on  y-axis.  Proton -bombarded  devices  have  an 
average  burn-out  temperature  approximately  50°C  higher  than  etched-mesa  devices. 


higher  DC  powers,  i.e.,  higher  operating  temperatures.  Figure  1-13  shows  the  burn-out  tem¬ 
peratures  of  devices  with  a  number  of  different  diameters.  Although  some  scatter  exists  in  the 
data,  a  clear  difference  of  50  °C  on  the  average  is  observable  between  the  burn-out  temperatures 

of  the  proton -guarded  and  etehed-mesa  devices.  ~  A  ..  ,  ~  „  IT 

r  *  H.A.  Murphy  C.  E.  Hurwitz 

W.T.  Findley  J.  P.  Donnelly 

A.  G.  Foyt 
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II.  QUANTUM  ELECTRONICS 


A.  OPTICALLY  PUMPED  ROOM  TEMPERATURE  GaAs  LASERS 

Room -temperature  operation  of  GaAs  lasers,  bulk  optically  pumped  by  a  tunable  parametric 
oscillator,  has  been  studied  as  a  function  of  several  variables.  Cleaved  platelets  of  GaAs  were 
prepared  either  from  undoped  vapor-grown  epitaxial  layers,  or  from  silicon-doped,  Bridgman  - 
grown  crystals.  These  samples  were  pumped  by  light  focused  in  a  narrow  rectangular  image 
between  the  faces  of  the  Fabry-Perot  optical  cavity  in  order  to  provide  a  low  Fresnel  number. 
While  the  peak  of  the  laser  emission  for  all  samples  occurred  in  the  range  from  0.88  to  0.89pm, 
the  total  width  of  laser  emission  in  the  silicon-doped  samples  was  significantly  broader  than  in 
the  pure  samples.  As  the  pump  photon  energy  (E  )  decreased,  the  threshold  power  necessary 
for  lasing  increased.  We  ascribe  this  to  two  related  factors; 

(1)  The  increasing  penetration  of  the  pump  radiation  and  the  consequent 
decrease  in  excess  carrier  density. 

(2)  The  lower  degree  of  population  inversion  as  the  pump  photon  energy 
approaches  the  threshold  quasi- Fermi  level  separation  necessary  for 
stimulated  emission. 

We  have  investigated  both  high  purity  GaAs  (1.6  x  lO^cm  ^  <  N  ,  +  N.  ^  1.6  x  lO^cm 

18-3  cl  a 

and  n-type,  Si-doped  GaAs  (N^  -  ^  5  x  1  0  cm  ).  For  the  high  purity  samples,  the  lasing 

behavior  did  not  seem  to  depend  heavily  on  impurity  concentration,  and  was  more  strongly  a 
function  of  the  surface  and  the  cleaved-facet  quality  of  individual  samples.  With  a  difference 
between  pump  and  platelet  laser  photon  energies  of  A  =  0.06  eV,  threshold  power  densities  of 
1.7  5  W/mil  (corresponding  to  approximately  7X10  W/cm  )  were  measured.  At  an  incident  power 
level  of  twice  threshold,  peak  power  conversion  efficiencies  of  nearly  5  percent  were  obtained. 

The  lasing  operation  occurred  with  A  as  low  as  25  meV  (about  kT  at  300  K),  although  this  pre¬ 
sumably  could  be  lessened  if  a  higher  pump  power  were  used.  With  A  =  0.06  eV,  measurement 
of  the  far-field  angular  mode  pattern  showed  a  full-width,  half-maximum  (FWHM)  power  trans¬ 
verse  angle  of  about  10°,  corresponding  to  an  emitting  depth  perpendicular  to  the  pump  face 

t> 

~5jj.m.  At  higher  excitation,  stimulated  emission  was  observed  over  a  width  of  150  A.  On  sev¬ 
eral  n-type  samples  of  different  lengths  and  concentrations,  measurement  of  the  longitudinal  mode 
spacing  gave  an  equivalent  index  of  refraction  n  =•  4.5  ±  0.1. 

Preliminary  measurements  on  the  Si-doped  material  showed  marked  differences  from  the 
high  purity  n-type  samples.  At  the  lower  pump  energies  used  on  the  high  purity  samples,  the 
Si -doped  samples  were  more  transparent,  and  consequently,  higher  pump  energies  had  to  be  used 
to  obtain  lasing.  With  E^  =  1.47  eV  (A  <=*  0.07  eV),  comparable  thresholds  (2.2  W/mil)  were  meas¬ 
ured,  and  lasing  occurred  at  roughly  the  same  wavelength  as  before.  However,  at  a  pump  power 
twice  threshold,  stimulated  emission  occurred  over  an  increased  range  from  0.88  to  0.91  pm,  a 
width  of  300  A,  and  the  measured  FWHM  angle  decreased  to  6°.  A  typical  lasing  emission  spec¬ 
trum  is  shown  in  Fig.  11-1,  and  a  normalized  power  efficiency  plot  is  shown  in  Fig.  11-2.  This 
material  seems  to  be  quite  promising  for  obtaining  bulk  optical  pumping,  with  the  advantages  of 
lower  optical  flux  densities  at  the  resonator  faces  and  better  spatial  mode  quality.  The  wide 
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Fig.  11-1.  Lasing  emission  spectrum  Fig.  11-2.  Normalized  laser  output 

from  GaAstSi.  power  vs  input  pump  power  for  a 

typical  sample  af  GaAsrSi. 

lasing  bandwidth  of  the  silicon-doped  material  also  offers  the  possibility  for  tunable  operation 
using  a  wavelength  selector  in  an  external  cavity. 

S.  R.  Chinn  C.  M.  Wolfe 

J.A.  Rossi  A.  Mooradian 


B.  DOUBLE  HETEROSTRUCTURE  Si-DOPED  GaAs  LASERS 

By  using  a  GaAs-Ga  Al,  As  double  heterostructure  with  a  p-typc  active  region  of  Si-doped 
x  i  -x  o 

GaAs,  we  have  made  diodes  which  lase  at  wavelengths  near  9400  A  at  room  temperature.  The 
diodes  are  operated  on  a  pulse  basis  and  threshold  current  densities  are  typically  10^A/cm^. 
Output  power  measurements  on  non-optimized  structures  show  ^0.1  W  laser  output  for  currents 
approximately  twice  threshold. 

The  double  hetcrostructure  was  grown  by  liquid  epitaxial  techniques  similar  to  those  developed 
elsewhere.  Growth  of  the  active  region  (4.6  a/o  Si  in  Ga  solution)  onto  an  n-type  Ga  Al^  As  layer 
begins  at  880°C  and  proceeds  as  the  growth  zone  is  cooled.  This  is  followed  by  the  usual  p-type 
Ga^Alj^As  barrier  and  p-type  GaAs  contacting  layers.  Only  column  IV  dopants  are  used  through¬ 
out  the  growth  process. 

2 

The  spontaneous  recombination  of  a  typical  diode  at  low  injection  (20A/cm  )  is  centered  near 

9650  A  and  is  more  than  750  A  wide  (FWHM).  This  transition  clearly  involves  the  deepest  level 

2 

(or  complex)  introduced  by  the  heavy  Si  doping.  As  the  diode  current  is  increased,  the  recom- 

O 

bination  shifts  to  a  shorter  wavelength  and  narrows.  Finally,  laser  oscillation  begins  at  9400  A, 

2 

which  is  more  characteristic  of  a  transition  involving  the  shallower  Si  acceptor  level. 
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The  results  here  and  elsewhere^  show  that  GaAsrSi  diodes  can  be  used  to  obtain  laser  radi- 

o 

ation  at  wavelengths  beyond  those  of  GaAs:Zn  diodes  (9000  A).  Additional  device  characteristics 
and  efforts  to  extend  the  lasing  wavelength  still  further  are  continuing. 

J.A.  Rossi 
J.  J.  Hsieh 


C.  INJECTION  AND  OPTICAL  PUMPING  OF  InAs  LASERS  AT  77°K 


A  program  has  been  started  to  pressure  tune  InAs  lasers  in  the  3.1-  to  2.2-pm  spectral  range 
with  hydrostatic  pressures  up  to  14kbar.  This  limits  the  operation  temperature  to  77  °K  and 
above,  because  the  pressure  transmitting  fluid  (helium)  would  solidify  at  lower  temperatures  and 
high  pressures.  A  pressure  generating  station,  high  pressure  sample  cell  and  nitrogen  dewar 
have  been  constructed  for  this  purpose. 

Initial  tests  have  been  conducted  on  InAs  lasers  at  77  °K  in  vacuum.  Both  optical  and  injec¬ 
tion  pumping  of  the  semiconductor  are  feasible  in  the  high  pressure  cell.  Some  of  the  spectral 
characteristics  of  the  two  excitation  schemes  are  shown  in  Fig.  11-3.  The  upper  trace  results 


Fig.  11-3.  InAs  optically  and  injection- 
pumped  laser  emission  spectra. 
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16  -3 

from  a  bulk  InAs  sample,  carrier  concentration  n  ~  2  x  10  cm  with  cleaved  (110)  faces  spaced 
by  350  pm,  indium  soldered  to  a  copper  heat  sink.  The  incident  optical  power  at  \  =  1.06  pm  from 
a  CW-pumped,  repetitively  Q-switched  Nd:YAG  laser  was  about  12  W  cylindrically  focused  into 
an  area  350  x  50  pm.  This  was  about  10  percent  above  threshold  intensity.  The  lower  trace  is 
obtained  from  a  commercial  InAs  diode  laser  (Raytheon  Model  LAL-6)  of  cavity  length  700  pm  and 
width  150  pm.  The  injection  current  was  12  A,  which  again  was  ~10  percent  above  laser  thresh¬ 
old.  Both  the  optical  and  injection  pulses  were  200  nsec  long  with  a  300-pps  repetition  rate. 

Three  features  are  obvious  from  the  comparison  of  the  two  spectra. 

(1)  The  spectral  shift  from  3.06  to  3.14pm,  indicating  band-to-band  radiation 
in  the  relatively  pure  bulk  InAs  and  band-to-acceptor  radiation  for  the 
heavily  Zn-doped  InAs  diode  junction.4 

(2)  Mode  spacing  is  not  2:1  (the  ratio  of  the  cavity  lengths)  because  of  the  in¬ 
crease  of  refractive  index  nearer  the  band  gap. 

(3)  Excessive  broadening  of  the  optically  pumped  emission. 

Actually,  both  types  of  lasers  chirp  to  longer  wavelength  during  the  pulse  time  due  to  heating  ef¬ 
fects.  The  heating  however  is  much  greater  for  the  optically  pumped  case,  because  two -thirds 
of  the  incident  photon  energy  (1.1  eV)  is  lost  in  creating  a  single  electron-hole  pair.  Very  few 
multiple  pairs  (Auger  processes)  are  evident  to  increase  the  power  efficiency.  On  the  other 

hand,  the  I  R  losses  in  the  diode  are  probably  an  order-of- magnitude  smaller  than  the  optical- 

-1 

pumping  conversion  losses.  The  chirp  rate  for  the  diode  is  ~0. 1  cm  for  the  200-nsec-current 

_  i 

pulse.  For  twice  the  threshold  current,  the  modes  noticeably  broaden  to  ~0.  5  cm  .  A  fast,  high- 

-1 

repetition  rate,  current  pulser  has  been  constructed  in  order  to  reduce  the  chirp  to  ~0.01  cm  , 
a  rate  which  would  be  useful  for  doing  infrared  spectroscopy. 

A.  S.  Pine 


D.  CW  OPTICALLY  PUMPED  InSb  LASER 

14  -3 

Continuous  stimulated  emission  has  been  produced  in  nominally  pure  (n  ~  1X10  cm  )  InSb 
between  2°  and  20 °K  using  a  carbon  monoxide  laser  to  resonantly  excite  in  a  collinear  pump  geom¬ 
etry.  Laser  emission  occurred  at  5.27  pm  with  an  output  power  of  lOmW  in  a  single  axial  mode. 
Laser  emission  with  less  output  power  was  also  observed  at  5.45  pm,  which  corresponds  to  a  zinc 
impurity  transition.  The  sample  mode  volume  in  both  cases  was  about  300  pm  long  X  100  pm  in 

diameter.  . 

A.  Mooradian 

S.  R.  J.  Brueck 


E.  InSb  OPTICAL  CONVERTER 

An  InSb  laser  rod  1  X  0.03  X  0.03  cm  has  been  optically  pumped  with  two  arrays  (25  diodes 

each)  of  GaAs  diode  lasers.  The  device,  shown  in  Fig.  II-4,  operated  with  average  output  powers 

of  up  to  50  mW  at  a  temperature  of  10°K.  Mode  spacings  were  unresolved  with  a  conventional 

-1 

spectrometer  because  of  the  1 -cm  cavity  length.  Overall  lasing  bandwidth  was  about  2  cm  , 
which  was  about  half  the  spontaneous  linewidth  measured  normal  to  the  lasing  direction  for  pump 
levels  below  laser  threshold.  This  device  has  a  considerably  larger  mode  volume  than  conven¬ 
tional  diode  lasers  of  InSb,  which  would  account  for  the  higher  average  output  power  levels.  Vol¬ 
ume  excitation  of  the  InSb  rod  relies  on  the  long  diffusion  lengths  for  excited  carriers  in  InSb  at 

low  temperature.  A.  Mooradian 

J.A.  Rossi 
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Fig.  11-4.  GoAs  diode  laser  arroy  pumped  rod  of  InSb. 


Scale  is  in  tenths  of  on  inch. 


F.  TUNING  CHARACTERISTICS  OF  A  LOW  DENSITY,  SPIN-FLIP  LASER 

14  -3 

A  low  concentration  (n  =  7  to  9  x  10  cm  )  InSb  spin -flip  Raman  laser  has  been  operated  at 
low  magnetic  fields  (1  to  14  kG)  in  an  electromagnet.  The  spin-flip  scattering  was  pumped  with 
a  CW  CO  laser  (A  «  5.3pm)  and  the  samples  were  immersed  in  superfluid  helium  (2°K).  The 
tuning  rate  of  the  spin-flip  laser  output  frequency  with  magnetic  field  was  measured  by  hetero¬ 
dyning  the  output  of  the  spin-flip  laser  with  a  second  stable  CO  laser.  A  liquid  helium  cooled, 
Cu:Ge  photoconductor  was  used  as  the  heterodyne  detector.  The  observed  tuning  rate  was 
48  ±  2MHz/G.  This  should  be  compared  with  the  tuning  rate  of  the  spontaneous  spin-flip  radia¬ 
tion  (70MHz/G)  and  with  the  tuning  rate  of  16MHz/G  previously  reported^  for  an  InSb  sample  of 
concentration  n  =  1  x  lO^cm  ^  at  a  higher  magnetic  field  of  35  kG.  These  different  tuning  rates 
ean  be  understood  on  the  basis  of  mode  pulling  effects  between  the  InSb  sample  cavity  resonant 
frequencies  and  the  spontaneous  spin-flip  Raman  frequency.  As  previously  noted, ^  this  mode 
pulling  phenomenon  is  described  by  the  equation 


v 


v  r  +  v  r 

CO  PC 

r  +  r 

o  e 


(II-l) 


where  v  is  the  actual  frequency  of  oscillation,  and  v  and  v  are  the  peaks  of  the  cavity  and  spon¬ 
taneous  scattering  resonances,  respectively.  Here  is  the  linewidth  of  the  spontaneous  spin- 
flip  scattering,  which  has  been  assumed  Lorentzian,  and  is  the  cavity  linewidth.  The  spon¬ 
taneous  linewidth  Tq  is  expected  to  be  narrower  in  the  present  lower  density  samples  because  of 
the  reduced  effects  of  nonparabolicity  broadening  and,  correspondingly,  the  tuning  rate  with  mag¬ 
netic  field  should  more  closely  follow  the  spontaneous  tuning  rate,  as  is  experimentally  observed. 

Calculated  magnetic  field  tuning  rates  as  a  function  of  the  spontaneous  linewidth  are  shown  in 
Table  II— 1 ,  along  with  calculated  values  for  the  discontinuous  frequency  jump  between  modes  Ay 
and  the  percentage  of  the  frequency  axis  covered  by  a  single  laser.  In  these  calculations,  a  sample 
length  of  6  cm  was  used,  as  were  the  values  for  the  frequency  and  magnetic  field  derivatives  of 
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TABLE  ll-l 

CALCULATED  TUNING  CHARACTERISTIC  OF  SPIN-FLIP  LASER 

r 

o 

(cm  ') 

dp/dH 

{dv/dtf)  AH 

Ap 

Percent  Frequency 

(MHz/G) 

(GHz) 

(GHz) 

Range  Covered 

0.01 

63 

5.4 

0.6 

91 

0.04 

48 

4.1 

1.8 

69 

0.10 

33 

2.8 

3.1 

47 

0.30 

15 

1.3 

4.5 

22 

0.50 

10 

0.8 

5.0 

13 

1.00 

5 

0.4 

5.4 

7 

Fig.  11-5.  Absorption  spectrum  of  the 
NO  R(l/2)l/2  fronsiti  on:  X  =  5.2  p  m, 
cell  length  =  10cm,  P  «  1  torr. 
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the  index  of  refraction  found  previously.^  A  spontaneous  linewidth  of  0.04  cm  1  gives  a  tuning 
rate  comparable  to  that  observed  experimentally. 

The  extremely  low  observed  threshold  powers  of  less  than  5  mW  inside  the  sample,  as  com¬ 
pared  with  50mW  in  the  higher  density  sample,  provide  an  independent  check  on  this  value  of  the 
spontaneous  linewidth.  Due  to  the  lower  magnetic  field  operation,  the  resonance  enhancement 
of  the  spontaneous  spin-flip  scattering  cross  section  (H  «  2000)  is  approximately  an  order-of- 
magnitude  higher  than  in  the  high  field  case  and  just  compensates  for  the  smaller  number  of  elec¬ 
trons.  This  implies  that  the  spontaneous  linewidth  in  the  7  to  9  X  lO^cm  *  sample  is  approx¬ 
imately  a  factor-of-ten  lower  than  in  the  1  X  101  cm  ^  sample,  in  agreement  with  the  results 
deduced  from  the  tuning  rate  measurements. 

The  absolute  frequency  stability  of  the  spin-flip  laser  was  also  measured  by  the  heterodyne 
technique;  the  short-term  frequency  drifts  were  less  than  2  MHz  in  1  sec.  The  spin-flip  laser  is 
therefore  more  than  adequate  for  absorption  spectroscopy  of  low  pressure  molecular  gases  in  the 
infrared,  which  have  Doppler-limited  absorption  linewidths  on  the  order  of  100  MHz.  As  an  illus¬ 
tration  of  this  application  for  the  spin-flip  laser,  the  absorption  spectrum  of  the  R(l/2)^  ^  line 
of  nitric  oxide  (NO)  has  been  obtained  and  is  shown  in  Fig.  II- 5.  The  gas  pressure  in  a  10-cm 
cell  was  approximately  1  torr  and  consequently  the  observed  linewidths  are  Doppler-limited.  The 
A-type  doubling  of  this  NO  vibration-rotation  transition,  resulting  from  the  interaction  of  the  elec¬ 
tronic  and  molecular  angular  moments,  is  completely  resolved.  The  relative  strength  and  width 
of  the  two  lines  result  from  the  hyperfine  splitting  of  the  NO  transition. 

S.  R.  J.  Brueck 
E.  J.  Johnson 
A.  Mooradian 

G.  PRESSURE  BROADENING  OF  A  WATER  VAPOR  LINE  NEAR  5.3jum 

7 

Using  a  temperature-tunable,  CW,  PbSQ  ^Se^  ^  semiconductor  diode  laser  and  a  multiple- 

pass  White  cell,  we  have  measured  the  self-  and  nitrogen-pressure  broadenings  of  the  1879.01  cm 

8  9 

water  vapor  line.  Because  it  has  the  narrowest  width  of  any  water  vapor  line  yet  observed,  it 

was  chosen  for  detailed  study. 

The  diode  laser  was  mounted  on  a  10°K  conduction-cooled  heat  sink  in  a  liquid  helium  dewar, 
at  which  temperature  the  threshold  current  was  170mA.  However,  it  was  necessary  to  operate 
the  laser  at  nearly  five  times  threshold  current  in  order  to  tune  its  frequency  to  the  water  vapor 
line  of  interest.  The  output  power  of  the  laser  axial  mode  used  was  estimated  to  be  about  30  pW. 
The  beam  was  collimated  by  a  4-inch  focal  length  lens  and  only  the  central  portion  of  the  beam, 
having  a  diameter  of  about  }-inch,  was  directed  to  the  entrance  port  of  a  White  cell,10  which  has 
aluminum  spherical  mirrors  with  1.5-m  radius  of  curvature  and  which  had  been  adjusted  for  eight 
passes,  thus  yielding  a  total  optical  path  length  of  12  m.  The  transmittance  of  the  evacuated  White 
cell  was  over  50  percent;  the  loss  included  four  Fresnel  reflection  losses  by  the  barium  fluoride 
windows.  In  the  near  future,  the  use  of  gold  mirrors  will  increase  the  transmittance  by  about 
50  percent.  The  laser  beam  was  chopped  at  400  Hz  before  it  entered  the  entrance  slit  of  a  Perkin- 
Elmer  grating  spectrometer  with  spectral  resolution  about  0.5  cm  ,  just  about  narrow  enough  to 
filter  out  the  adjacent  axial  modes  which  are  spaced  1.0  cm  from  the  desired  mode.  The  exit 
beam  from  the  spectrometer  was  detected  by  a  Ge:Au  detector,  synchronously  amplified  and  re¬ 
corded  as  a  function  of  diode  current. 
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FREOUENCY  (GHi)  RELATIVE  TO  1879.01cm"1 

Fig.  I! -6.  Woter  vopor-nitrogen  pressure  broadening  (P ^  q  =  1.95  torr). 


Fig.  !!-7.  Water  vapor  line  widths  vs  broadening  pressure. 
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Figure  II-6  shows  the  recorder  traces  of  the  nitrogen  broadening  of  the  water  vapor  line 
for  three  different  total  pressures.  Distilled  water  and  Matheson  prepurified  grade  (purity 
99.997  percent)  were  used.  The  extreme  dryness  of  the  nitrogen  gas  was  verified  by  noting  that 
the  recorder  traces  over  the  frequency  of  the  water  vapor  line  remained  the  same  in  going  from 
an  evacuated  cell  case  to  a  N^filled  cell  case.  The  horizontal  scale  was  originally  in  diode  cur¬ 
rent  but  was  converted  to  frequency  using  the  tuning  rate  of  the  laser.  This  tuning  rate  was  de¬ 
termined  by  plotting  the  frequency  of  an  axial  mode  vs  diode  current  and  also  by  measuring  the 

-1  - 1 

nitric-oxide,  X-doubling  spacing  (0.  0119  cm  )  at  1871  cm  Both  of  these  methods  yielded  a 
tuning  rate  of  0.00868  ±  0.00008  cm  VmA. 

Figure  11-7  is  a  plot  of  the  full  linewidth  at  one-half  absorption  vs  total  gas  pressure  for 
water  and  broadening.  In  the  case  of  nitrogen  broadening,  the  water  vapor  pressure  was  main¬ 
tained  at  1.95  torr  throughout  the  experiment.  The  estimated  errors  are  largest  near  atmospheric 
pressure,  because  the  width  (being  dependent  on  how  well  one  can  estimate  at  line  center  the  trans¬ 
mittance  of  an  evacuated  cell)  changes  most  rapidly  with  the  estimated  transmittance.  It  is  to  be 
noted  that  the  horizontal  scale  for  the  self-broadening  plot  is  expanded  ten  times.  The  rate  of 

self  broadening  is  twenty-five  times  that  of  nitrogen  broadening.  This  can  be  compared  with  a 

1 1 

5: 1  ratio  of  self: nitrogen  broadening  found  for  the  2.7-jj.m  band.  The  much  greater  self  broaden¬ 
ing  of  the  water  vapor  line  is  due  to  the  much  stronger,  long-range,  dipole-dipole  interaction1 2 
occurring  in  general  among  polar  molecules  such  as  water.  Since  is  nonpolar,  its  interaction 
with  the  water  molecule  is  of  the  dipole -quadrupole  type  and  is  therefore  much  weaker  in  magnitude. 

Although  we  have  studied  in  detail  only  one  water  vapor  line,  namely,  the  1879.  01-cm  1  line, 
the  diode  laser  was  tunable  over  at  least  a  dozen  other  water  lines.  A  few  of  these  have  been  ob¬ 
served  and  are  listed  in  Table  II-2.  Detailed  study  of  water  vapor  over  a  more  extended  region 


OBSERVED  H2 

TABLE  11-2 

O  LINES  WITH  PbSA  zSeA  .  DIODE  LASER 

0.6  0.4 

r  8 

,  .8 

g 

Rotational  Transition 

frequency 

Line  Intensity 

(J‘  —  J”  ) 

VJK'  K'  K"  KM' 

a  c  a  c 

(cm  ') 

(cm  Vg-cm  2) 

1858.55 

60.52 

93,7  82,6 

1860.94 

12.32 

121,11  *"  n2,10 

1861.56 

37.02 

122, 1 1  ~  1 1 1,10 

1864.05 

5.95 

150,15  *'  Ul,14 

1870.83 

79.46 

103,8  ~92 ,7 

1879.01 

1.58 

161,16  *"  150, 15 

1879.34 

12. 12 

1 31 , 12  122,11 

1879.60 

4.04 

132,12  121,11 
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can  be  accomplished  by  employing  a  magnetic  field  for  coarse  tuning  and  using  the  diode  current 
for  fine  tuning.  Finally,  by  extending  the  study  to  include  the  mixtures,  H^O-CO^,  and 

H20-03,  etc.,  the  result  will  be  directly  applicable  to  problems  in  atmospheric  transmission. 

R.  Eng  A.  Mooradian 

P.  L.  Kelley  A.  R.  Calawa 
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III.  MATERIALS  RESEARCH 


A.  FREE-CARRIER  ABSORPTION  IN  n-TYPE  CdTe 

In  order  to  investigate  the  free-carrier  absorption  (FCA)  in  n-type  CdTe,  the  optical 
transmission  of  samples  with  carrier  concentrations  between  3.6  x  I0lb  and  1.8  x  10**cm  *  has 
been  measured  at  room  temperature  for  wavelengths  between  0.9pm  (the  location  of  the  intrinsic 
absorption  edge)  and  12  pm.  The  samples  were  single  crystal  specimens  cut  from  ingots  grown 
by  the  vertical  Bridgman  method  from  melts  doped  with  donor  impurities  (Al,  Ga,  In,  Cl,  Br  or  I). 

The  absorption  between  2  and  12  pm  is  due  predominantly  to  intraband  FCA.  The  experimental 
data  in  this  wavelength  region  for  five  representative  samples  covering  the  entire  concentration 
range  are  shown  in  Fig.  111-1,  where  the  absorption  coefficient  (o)  is  plotted  against  wavelength  (X) 
on  a  log-log  scale.  For  all  these  samples,  as  well  as  for  those  not  included  in  the  figure,  the 
data  are  very  well  represented  by  straight  lines,  although  in  some  cases  there  are  small  devia¬ 
tions  at  the  shorter  wavelengths.  Thus  a  is  proportional  to  X^,  where  p  is  a  constant  for  each 
sample.  (This  is  the  wavelength  dependence  characteristic  of  intraband  FCA.)  As  expected  for 
FCA,  a  at  a  given  wavelength  increases  with  carrier  concentration  (n).  The  quantitative  depend¬ 
ence  is  shown  in  Fig.  III-2,  where  the  values  of  a  at  4,  6,  8  and  10  pm  for  all  the  samples  are 
plotted  against  n  on  a  log-log  scale.  Once  again  the  data  are  very  well  represented  by  straight 
lines.  This  demonstrates  the  consistency  between  the  results  for  the  different  samples. 


Fig.  1 1 1-1.  Roam  temperature  absorption  coefficient  (a)  as  a  function 
af  wavelength  (X)  between  2  and  12  pm  for  representative  samples  of 
n-type  CdTe. 
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n(cm"3) 

Fig.  1 1 1-2.  Room  temperoture  obsorpfian  coef¬ 
ficient  (o)  at  wovelengths  of  4,  6,  8,  and  10  pm 
as  a  function  of  carrier  concentration  (n)  for 
n-type  CdTe. 


Fig.  1 11-3.  Room  temperoture  obsarption  coefficient 
(o)  os  o  function  of  wovelength  (X)  between  0.  9  ond 
2  pm  for  our  three  mast  heovily  doped  samples  of 
n-type  CdTe,  together  with  absorption  edge  dota  for 
a  low-carrier-concentrotion  somple doped  with  l  ond 
compensated  by  native  occeptors. 


Although  the  absorption  between  2  and  12  pm  is  due  to  intraband  FCA,  the  dependence  of  a 
on  n  and  X  differs  quantitatively  from  the  predictions  of  the  classical  expression  for  this  proc¬ 
ess.  According  to  this  expression,  a  is  proportional  to  nX^,  but  the  observed  dependence  on  n 

is  superlinear  rather  than  linear,  and  the  exponent  p  in  X^  varies  from  sample  to  sample  between 

1 

2.7  and  3.4.  Similar  values  of  p  have  been  obtained  for  CdTe  by  various  workers.  These  values 
are  consistent  with  quantum  mechanical  treatments  of  intraband  FCA,  if  the  carrier  scattering 
associated  with  absorption  is  attributed  to  a  combination  of  polar  optical  mode  scattering,  which 
is  known  to  dominate  the  electron  lattice  mobility  at  room  temperature,  and  ionized  impurity 
scattering. 

The  absorption  observed  between  2  pm  and  the  beginning  of  the  intrinsic  absorption  edge 
becomes  significantly  greater  than  the  intraband  FCA  extrapolated  from  the  2  to  12-pm  region. 
The  additional  absorption  is  illustrated  in  Fig.  Ill- 3,  which  shows  the  data  for  our  three  samples 
with  highest  n,  doped  respectively  with  Al,  In  and  I,  together  with  absorption-edge  data  for  a 
high  resistivity  sample  doped  with  I  and  compensated  by  native  acceptor  defects.  The  absorption 
curves  for  the  three  high  concentration  samples  all  rise  markedly  at  about  1.3  pm,  and  the  absorp¬ 
tion  cross  sections  (a  /n)  are  about  the  same.  This  qualitative  and  quantitative  similarity  in  the 
curves  for  samples  heavily  doped  with  three  different  impurities  suggests  that  the  additional 
absorption  is  due  to  another  free-carrier  process,  specifically  interband  FCA  associated  with 
electron  transitions  from  the  T-conduction-band  minimum  to  higher  minima. 
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PHOTON  ENERGY  [^ui(tV)] 


Fig.  111-4.  (o)  Room  temperature  obsorption 

coefficient  (o)  os  o  function  of  photon  energy 
for  our  most  heovily  doped  somple  of  n-type 
CdTe,  and  the  differences  between  the  meas¬ 
ured  volues  ond  those  for  introbond  FCA  found 
by  extropolotion. 


PHOTON  ENERGY  [fiwUV)] 


Fig.  111-4.  (b)  Similor  plots  for  3  somples  of 

n-type  InP  [from  Dumke,  Lorenz  ond  Pettit 
(Ref.  2)]. 


This  explanation  for  the  additional  absorption  is  supported  by  the  strong  similarity  between 
our  data  for  CdTe  and  those  for  interband  FCA  in  n-type  InP  reported  by  Dumke,  Lorenz  and 
Pettit.2  The  two  sets  of  results  are  compared  in  Figs.  III-4  (a  and  b),  where  or  is  plotted  against 
photon  energy  instead  of  wavelength.  Figure  III-4(a)  shows  the  data  for  our  most  heavily  doped 
sample.  The  solid  line  gives  the  measured  values  for  a,  while  the  dashed  line  gives  the  differ¬ 
ences  between  these  values  and  those  for  intraband  FCA  found  by  extrapolation.  Figure  III-4(b) 
is  a  similar  plot  for  3  samples  of  n-type  InP,  reproduced  from  the  paper  of  Dumke,  et  al.  In 
this  case,  the  dashed  lines  are  theoretical  curves  which  these  authors  calculated  for  interband 
FCA,  while  the  points  on  these  lines  are  those  obtained  from  the  experimental  data  by  subtraction 
of  the  extrapolated  values  for  intraband  FCA.  The  interband  curve  for  their  sample  C  (n  =  1.6  5  X 
1018cm^)  is  strikingly  similar  to  the  one  for  our  sample  (n  =  1.8  X  101Hcm  ),  although  the 
values  of  o  at  the  highest  energies  are  about  a  factor  of  2  lower  than  ours.  Therefore,  we  be¬ 
lieve  that  the  additional  absorption  in  our  sample  is  quite  probably  due  to  interband  transitions, 
and  furthermore  that  the  conduction  band  energy  separation  in  CdTe  (which  has  not  been  measured 
previously)  is  almost  the  same  as  the  separation  involved  in  the  interband  FCA  in  InP.  Onton, 
Yacoby  and  Chicotka^  have  recently  measured  the  InP  separation  (T  —  X)  to  be  0.96  eV. 

Although  the  combination  of  interband  and  intraband  FCA  adequately  explains  the  absorption 
between  0.9  and  2pm  in  our  most  highly  doped  samples,  it  is  not  sufficient  to  account  for  the 
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absorption  in  this  region  by  many  of  the  lower  concentration  samples.  For  these  samples,  the 
curves  of  absorption  cross  section  against  wavelength  vary  so  much,  both  qualitatively  and  quan¬ 
titatively,  that  no  definite  conclusion  can  be  drawn  concerning  even  the  number  of  additional  ab¬ 
sorption  processes  that  are  involved.  However,  the  observation  of  relatively  high  absorption  cross 

sections  for  Cl-doped  samples  suggests  that  one  process  might  be  the  excitation  of  electrons  from 

4 

occupied  Cl  donor  levels  to  the  conduction  band.  ^  j  gtrauss 

g!  W.  Iseler 

B.  PREPARATION  OF  NaYF4:Yb,Er  FOR  INFRARED- TO- VISIBLE 
UPCONVERSION  4 

5  6  7 

Independent  studies  at  our  laboratory  and  elsewhere  J  have  recently  shown  that  NaYF^  with 
Y  partially  replaced  by  Yb  and  Er  is  a  very  promising  phosphor  for  upconversion  of  near-infrared 
(~0.98pm)  to  green  (~0. 54pm)  radiation.  In  order  to  determine  the  best  method  for  producing 
this  phosphor,  we  have  compared  the  efficiencies  of  samples  prepared  in  several  different  ways. 
All  samples  had  the  nominal  composition  NaY^  gYbg  ^  gEr^  02^4'  This  composition  was  selected 
because  preliminary  experiments  showed  it  to  exhibit  relatively  high  efficiencies,  but  detailed 
experiments  to  determine  the  optimum  composition  have  not  yet  been  performed. 

The  starting  materials  used  for  synthesis  are  NaF  and  the  fluorides  of  the  three  rare  earths. 
Although  the  compound  can  be  prepared  from  stoichiometric  mixtures,  in  which  the  number  of 
moles  of  NaF  is  equal  to  the  total  number  of  moles  of  the  rare  earth  fluorides,  the  upconversion 
efficiency  is  found  to  be  much  higher  for  samples  prepared  from  mixtures  containing  a  consider¬ 
able  amount  of  excess  NaF.  This  difference  can  be  explained  in  terms  of  the  pseudobinary  phase 

g 

diagram  for  the  NaF-YF^  system,  which  is  shown  in  Fig.  111-5.  (Apparently  the  diagram  is  not 
greatly  changed  by  substitution  of  relatively  small  amounts  of  Yb  and  Er  for  Y.)  At  691 °C,  NaYF^ 
is  transformed  from  a  high-temperature  phase  with  cubic  fluorite  structure  to  a  low-temperature 
phase  with  hexagonal  structure.  Since  the  liquidus  temperature  for  the  stoichiometric  composi¬ 
tion  is  9  30°C,  samples  of  NaYF^  prepared  from  a  stoichiometric  melt  crystallize  in  the  cubic 
phase  and  transform  into  the  hexagonal  phase  on  cooling.  However,  samples  prepared  from  melts 
containing  less  than  32-mole-percent  YF^  do  not  undergo  this  transformation,  since  the  liquidus 
temperatures  for  these  compositions  are  below  691  °C  and  consequently  the  NaYF^  crystallizes 
directly  in  the  hexagonal  form.  These  are  the  samples  with  the  highest  upconversion  efficiencies. 
We  attribute  the  reduction  in  efficiency  for  the  samples  prepared  from  stoichiometric  melts  to 
the  presence  of  lattice  defects  resulting  from  the  cubic-to-hexagonal  transformation.  The  crea¬ 
tion  of  significant  defect  concentrations  would  not  be  surprising  in  view  of  the  rather  drastic  dif- 

9 

ference  in  structure  between  the  two  phases,  which  differ  in  density  by  about  10  percent. 

Samples  of  NaYF^:Yb, Er  which  have  not  undergone  the  phase  transformation  can  be  syn¬ 
thesized  by  solid  state  reaction  between  the  component  fluorides  at  temperatures  below  the  trans¬ 
formation  temperature.  In  an  attempt  to  obtain  improved  upconversion  efficiency  by  this  method, 
we  have  prepared  phosphors  by  firing  stoichiometric  fluoride  mixtures  between  450  and  6  50°C, 
but  their  efficiencies  are  low.  The  x-ray  diffraction  lines  for  these  samples  are  considerably 
broader  than  those  for  samples  obtained  from  either  stoichiometric  or  NaF -rich  melts,  indicating 
that  lower  crystal  perfection  is  again  responsible  for  the  reduced  efficiency. 
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118-8-105U1 


A  LIQUID 
B  NaF  +  LIOUID 
C  NaF  +  HEXAGONAL  NaF- YF3 
D  HEXAGONAL  NaF-  YF3  +  LIOUID 

E  FLUORITE  CUBIC  NaF-YF.  -  5NaF-9YF3  SOLID 
SOLUTION  *  LIQUID 

F  FLUORITE  CUBIC  NaF-  YF3  -  5NaF-9YF3  SOLID  SOLUTION 
G  HEXAGONAL  NoF- YF3  »  +  CUBIC  NaF*  YFj  -  5NaF-  YFj  ss 
H  CUBIC  NaF- YF3  -  5NaF-9YF3  ss  +  ORDERED  5NaF*  9YF3  ss 


I  HEXAGONAL  NaF- YF3  s$ 

J  HEXAGONAL  NoF-YF3  ss  +  ORDERED  5NoF- 9YF3  ss 
K  ORDERED  5NaF  9YF3  ss 

L  HEXAGONAL  NoF  YF3ss  +  ORTHORHOMBIC  YF^ 

M  ORDERED  5NaF-9YF3  ♦  ORTHORHOMBIC  YF3 
N  CUBIC  5NaF*9YF3  +  ORTHORHOMBIC  YF3 
O  ORTHORHOMBIC  YFj  +  LIQUID 
P  HIGH-TEMPERATURE  YF3  +  LIQUID 


Fig.  1 1 1-5.  Pseudabinary  phase  diagram  af  the  NaF-YF^  system  (Ref.  8). 

Our  most  efficient  phosphors  have  been  prepared  by  the  following  procedure.  Each  of  the 
rare  earth  fluorides  (YF^  of  nominal  6  9's  purity,  YbF  3  and  ErF^  of  nominal  5  9's  purity, 
supplied  by  Research  Chemicals)  is  first  heated  to  750 °C  in  a  stream  of  HF  gas  to  assure  com¬ 
plete  fluorination  and  removal  of  oxygen.  The  purified  compounds  in  the  desired  proportions  are 
mixed  with  a  20  to  100  wt%  excess  of  dried  NaF  (nominal  5  9's  purity,  supplied  by  Semi-Elements, 
Inc.).  The  mixture  is  placed  in  a  platinum  boat  and  heated  in  a  resistance  furnace,  first  to  200°C 
for  16  hours  and  then  to  1000°C  for  about  6  hours.  The  furnace  is  turned  off  and  allowed  to  cool 
to  room  temperature.  Both  heating  and  cooling  are  performed  with  the  sample  under  flowing 
argon,  which  is  first  passed  through  a  bed  of  titanium  chips  at  800  °C  to  remove  oxygen  and  water 
vapor.  The  cooled  product  is  crushed  in  an  agate  mortar  (not  ground,  because  grinding  reduces 
the  upconvcrsion  efficiency,  probably  by  introducing  defects  due  to  work  damage).  Finally  the 
sample  is  leached  repeatedly  with  boiling  water  until  its  x-ray  diffraction  pattern  no  longer  shows 
peaks  characteristic  of  NaF.  j  yj  piercc 

E.  J.  Delaney 


C.  CRYSTAL  CHEMISTRY  OF  MfSb03  COMPOUNDS 

Unlike  the  M+Nb03  and  M+TaO^  compounds,  the  M^SbO^  compounds  do  not  form  structures 
having  5+  cations  on  opposite  sides  of  an  anion.  Thus,  KSbO^  does  not  form  the  cubic  perovskite 
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structure.  At  atmospheric  pressure  it  generally  has  the  rhombohedral  ilmenite  structure.  How- 
1 0 

ever,  Spiegelberg  reported  synthesizing  two  cubic  phases  of  KSbO^  by  annealing  for  3  weeks  at 

1000°C.  One  of  these  was  primitive,  with  space  group  Pn3.  The  other  was  body-centered,  but 

Spiegelberg  was  unable  to  determine  its  space  group. 

In  the  primitive  cubic  KSbOv  pairs  of  SbO/  octahedra  share  common  edges  to  form  Sb^O  A 
10  °  c  l\) 

clusters.  These  clusters  share  corners  to  form  the  network  shown  in  Fig.  111-6.  The  network 

contains  empty  tunnels  of  face-shared  octahedra  that  run  parallel  to  the  <111]>  directions  and 

intersect  at  the  center  of  the  front  face  in  Fig.  Ill— 6 .  This  origin  is  itself  a  large  octahedral 

interstice,  and  along  any  <11 1>  direction  there  are  three  additional  octahedral  positions  between 

the  origin  and  its  body-center  equivalent.  Each  of  the  shared  faces  along  the  tunnels  consists  of 

either  01  or  oxygen  atoms.  The  order  of  the  faces  is  O^-O^-O^-O^,  and  the  triangular  area 

of  an  face  is  somewhat  larger  than  that  of  an  face.  The  primitive  unit  cell  contains 

^12^12^36*  an<^  ions  are  ordered  within  the  octahedral  sites  of  these  tunnels:  eight  in 

Oi-Q2  octahedra  along  four  tetrahedral  directions  from  the  origin,  and  four  in  O^-O^  octahedra 

along  the  remaining  four  directions. 

The  body-centered  cell  is  closely  related  to  the  primitive  unit  cell.  A  body-centered  cubic 

11  12 

12  3  phase  containing  a  network  similar  to  the  one  inFig.III-6  has  been  reported  '  for 

3  + 

La^ORe^O^.  In  this  structure,  an  oxygen  is  located  at  the  origin,  and  four  La  ions  occupy 

0-0  octahedra  in  [l  1 1  ],  [ill],  [ill],  [l  1 1  ]  directions.  It  is  therefore  reasonable  to  assume 

*  ^  + 
that  the  body-centered  form  of  KSbO^  contains  the  SbO^  network  of  Fig.  Ill -6  with  the  K  ions 

disordered  over  the  octahedral  sites  of  the  tunnels.  This  assignment  gives  space  group  Im3. 


Fiq.  111-6.  The  $b1000.  network  of  the  unit  cell  in  cubic  KSbO„. 
y  12  36  d 
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The  primitive  and  body-centered  forms  of  KSbCX  and  RbSbOv  as  well  as  a  distorted-cubic 
form  of  TlSbO^,  were  easily  prepared  at  high  pressures  by  Kafalas.  However,  attempts  to 
prepare  NaSbO^,  AgSbO^  and  LiSbO^  by  the  same  technique  gave,  respectively,  an  ilmenite,  a 
pyrochlore  and  an  orthorhombic  phase.  We  have  been  able  to  prepare  each  of  these  compounds 
in  the  body-centered  lm3  phase  by  an  ion-exchange  method.  A  cubic  KSbO^  phase  was  mixed  for 
a  few  hours  with  molten  MNO^  (M  =  Li,  Na,  Rb  or  Ag)  in  about  1:10  molar  ratio.  In  each  case, 
the  K+  ions  appeared  to  be  completely  replaced  by  the  M+ions,  since  the  x-ray  powder  pattern 
showed  significant  changes  in  the  cell  parameters.  Except  for  AgSbO^,  the  process  is  reversible. 
If  one  of  the  other  MSbO^  phases  is  mixed  with  molten  KNO^,  the  lm3  KSbO^  phase  is  recovered. 


TABLE 

LATTICE  CONSTANTS  OF 

WITH  SPACE 

lll-l 

MSb03  POLYMORPHS 
GROUP  Im3 

Compound 

a  (A) 

A9Sb03 

9.4038 

LiSb°3 

9. 4655 

NoSb03 

9.3775 

KSb03 

9. 5632 

RbSb03 

9. 6985 

Table  Ill -1  shows  the  lattice  constants,  obtained  from  powder  and  single-crystal  x-ray  data, 
for  the  various  MSbO^  polymorphs  having  space  group  lm3.  With  the  exception  of  LiSbO^,  the 
lattice  constants  scale  with  the  M-ion  radii.  The  LiSbO^  parameter  shows  a  marked  expansion, 
which  wc  interpret  to  indicate  that  the  Li  ion  occupies  the  center  of  an  O^-ion  face  rather  than 
an  octahedral  site. 

Single  crystals  of  NaSbO^  and  AgSbO^  were  prepared  by  ion  exchange  of  TlSbO^  with  molten 
NaNO^  and  AgNO^,  respectively.  Weissenberg  photographs  of  both  crystals  showed  low-symmetry 
cubic  lm3.  Systematic  absences  were  observed  for  h+k+l  =  2n+l,  consistent  with  space 
groups  123,  12^  3  and  lm3.  X-ray  intensity  measurements  of  three-dimensional  data  to  20  =  60° 
were  taken  with  a  G.E.  XRD-5  diffractometer  using  Zr-filtered  MoKo  radiation  at  5°  take-off 
angle.  Each  peak  height  was  counted  for  10  sec,  and  backgrounds  were  counted  for  10  see  at  ±2* 
in  20  off  the  peak.  The  Lorcntz  polarization  correction  and  a  </> -angle  absorption  correction 
were  applied.  From  the  strong  similarity  between  primitive  and  body-centered  KSbO^  powder 

intensities  and  the  ion-exchange  experiments,  it  was  assumed  that  the  SbCL  network  is  the  same 

5+  2  -  * 

for  both  structures.  The  Sb  -ion  and  O  -ion  positions  for  the  Pn3  form  of  KSbO^  (Ref.  10) 

were  used  for  initial  refinement  with  a  least-squares  program  to  give  a  reliability  factor  R  =  0.17 

for  NaSbCL  and  R  =  0.18  for  AgSbCL.  From  the  calculated  structure  factors  based  on  this  model, 

5  ^  +  + 

a  Fourier  map  clearly  revealed  the  positions  of  the  Na  and  Ag  ions.  These  positions  exhibited 

a  mirror  plane  perpendicular  to  the  cubic  axes,  which  indicates  that  lm3  is  the  correct  space 
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TABLE  III- 

2 

ATOMIC 

POSITIONS  AND  THERMAL  PARAMETERS 

OF  NaSb03 

Atom 

Sb 

°i 

1 2d 

°2 

No 

Position 

1 2e 

24 

16f 

Multipl  ier 

1/4 

1/4 

1/2 

1/3X0.81(3)* 

X 

0.  8384(2) 

0.356(2) 

0 

0. 1229(9) 

Y 

0 

0 

0.334(1) 

0.1229(9) 

Z 

1/2 

0 

0.287(1) 

0. 1229(9) 

e,i 

0. 001 4(2) 

0.006(3) 

0.000(1) 

0.006(1) 

P22 

0.0016(2) 

0.000(2) 

0.000(1) 

0.006(1) 

P33 

0.0018(2) 

0.006(2) 

0.005(2) 

0.006(1) 

P12 

0 

0 

0 

0.003(1) 

0,3 

0 

0 

0 

0.003(1) 

023 

0 

0 

0.000(1) 

0.003(1) 

*  Standard  deviation  is  shawi 

n  in  parentheses  throughout. 
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group.  After  a  few  refinement  cycles  with  these  positions  and  anisotropic  temperature  factors, 
the  reliability  factors  R  =  0.07  for  NaSbO^  and  0.08  for  AgSbO^  were  obtained.  The  final  atomic 
positions  and  anisotropic  temperature  factors  for  NaSbO^  are  shown  in  Tabic  III-2,  and  for 
AgSbO^,  in  Table  III  —  3.  The  bond  distances  in  both  compounds  are  shown  in  Table  111-4. 

It  is  interesting  to  note  that  the  positions  of  the  Na+  and  Ag+  ions  in  the  lm3  structure  can 

be  estimated  by  calculating  the  optimum  Na-O  and  Ag-O  distances.  In  NaSbOv  the  normalized 

-f-  2  -  ^ 

distance  from  a  Na  ion  at  coordinate  (x,x,x)  to  an  ion  at  (0.356,0,0)  is 

L^/a  =  [(x  -  0.356)2  +  x2  +  x2]1  '2  =  (3x2  -  0.712x  +  0.1267)1  2  (III-l) 

and  to  an  ion  at  (0,  0.334,  0.287)  is 

D2/a  =  [x2  +  (x  -  0.334)2  +  (x  -  0.287)2]1/2  =  (3x2  -  1.242x  +  0.1939)1  2  (111-2) 

where  a  is  the  cell  constant.  If  a  Na*  ion  is  equidistant  from  its  six  neighboring  oxygen  ions, 
then  and  x  =  0.125,  as  obtained  by  the  structure  analysis.  Thus,  all  Na+  ions  are  about 

ideally  situated  at  -O^  octahedral  sites  only.  The  observed  Na-O  distances  of  2.730  and 
2.760A,  are  significantly  longer  than  the  sum  of  the  ionic  radii  of  2.42A,  which  may  explain  why 
this  phase  is  difficult  to  obtain  by  ordinary  methods. 


TABLE  111-3 

ATOMIC  POSITIONS  AND  THERMAL  PARAMETERS  OF  AgSbQ3 

Atom 

Sb 

O) 

°2 

Agi 

Ag2 

Position 

1 2e 

1 2d 

24g 

16f 

16f 

Multipl  ier 

1/4 

1/4 

1/2 

1/3  X  0.33(3)* 

1/3  X  0.44(2) 

X 

0.  8393(4) 

0.371(4) 

0 

0.  111(1) 

0.  184(1) 

Y 

0 

0 

0.296(7) 

0.111(1) 

0. 184(1) 

Z 

1/2 

0 

0.291(4) 

0.111(1) 

0. 184(1) 

p,i 

0.0007(4) 

0.002(4) 

0.009(5) 

0.013(2) 

0.012(1) 

P22 

0.0025(5) 

0.006(5) 

0.05(1) 

0.013(2) 

0.012(1) 

^33 

0.0028(5) 

0.002(4) 

0.008(5) 

0.013(2) 

0.012(1) 

^12 

0 

0 

0 

0 

0.006(1) 

^1 3 

0 

0 

0 

0 

0.006(1) 

^23 

0 

0 

0.012(9) 

0 

0.006(1) 

*  Standard  deviation  is  shown  in  parentheses  throughout. 
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TABLE  111—4 

BOND  DISTANCES  (A)  OF  NaSbOg  AND  AgSbQ3 

NaSbO 

0 

AgSb03 

Octahedron  around  Sb+^ 

Sb-O  2X 

2.027 

1.936 

Sb-02  2X 

1.949 

2.279 

Sb-02  2X 

1.996 

2.006 

Nearest  O^  neighbors 

O^O,  IX 

2.692 

2.421 

O^Oj  4X 

2.864 

3.002 

O^Oj  2X 

3.202 

2.881 

0.-02  2X 

2.701 

2.828 

X 

CN 

o 

1 

CN 

O 

2.774 

2.866 

Neighbors  of  Na+ 

Neighbors  of  Ag+ 

Na-01  3X2.730 

Ag.-o. 

3X2.  858 

No-02  3X2.760 

CN 

O 

1 

O) 

< 

3X2.644 

No-No  3X2.303 

Ag2-o. 

3X  3.014 

Na-Na  3X3.257 

CN 

O 

1 

1  CN 
O) 
< 

3X2. 988 

CN 

o 

1 

1  CN 
cn 
< 

3X2.261 

Ag)-Ag] 

3X2.081 

Ag2-Ag2 

3X2.154 
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The  more  acidic  Ag+  ions,  on  the  other  hand,  are  located  at  x  =  0.11  and  x  =  0.20,  corre¬ 
sponding  to  the  centers  of  the  -ion  and  the  O^-ion  faces,  respectively,  as  can  be  seen  by 
minimizing  D^/a  and  D^/a  with  respect  to  x.  The  stable  SbO^  network  only  allows  a  short  Ag-O 

o  o 

distance  of  2.26A,  which  is  intermediate  between  the  covalent  bond  length  (2.05A  in  Ag^O)  and 
the  ionic  bond  length  (2. 50 A  in  AgCICL).  The  remaining  Ag-O  distances  of  2.858,  2.644,  2.988 

O  C 

and  3.01  4A  are  greater  than  the  sum  of  the  ionic  radii  (2.55A). 

We  can  expect  the  highly  ionic  ions  K+  and  Rb  '  to  occupy  the  O.  -CL  octahedral  sites,  as  does 

+  +  \ 
the  Na  ion,  and  the  Li  to  be  located  at  x  =  0.20  in  order  to  have  the  shortest  bond  distance. 

Placing  the  ionic  Li  ions  in  octahedral  site  faces  would  tend  to  expand  the  network  relative  to 

the  value  extrapolated  from  RbSbO^,  KSbO^  and  NaSbO^.  That  a  similar  expansion  is  not  found 

in  AgSbO^  must  be  attributed  to  the  tendency  of  this  ion  to  form  covalent  bonds. 

H.  Y-P.  Hong 

D.  STRUCTURE  REFINEMENT  OF  CuTa2Oe,  A  DISTORTED 
AND  DEFECTIVE  PEROVSK3TE 

To  prepare  CuTa^O^,  a  4:1  mixture  of  CuO  and  Ta^O^  was  fired  in  a  covered  platinum  cru¬ 
cible  at  1430°C  and  then  cooled  at  3.5°/hr  for  5  days.  The  excess  CuO  used  as  a  flux  was  then 
dissolved  in  concentrated  HC1,  to  yield  a  black,  highly  crystalline  CuTa^O^  phase.  A  single 
crystal  was  selected  for  structural  analysis. 

Weissenberg  photographs  and  G.E.  XRD-5  diffractometer  intensities  showed  diffraction  sym¬ 
metry  3/m  with  no  systematic  absence,  consistent  with  space  groups  P23  and  Pm3.  The  cubic 

o 

unit  cell  has  the  dimension  7. 526 A  and  contains  four  CuTa^O^  molecules.  Three  dimensional 
data  to  20  =  60°  were  collected  with  Zr-filtered  MoKa  radiation,  using  balanced  filters  and  the 
stationary-crystal,  stationary-counter  method  with  5°  take-off  angle.  Peak  heights  were  counted 
for  10  sec,  and  then  backgrounds  at  ±2°  of  each  peak  were  counted  for  10  sec.  The  intensities 
were  multiplied  by  Lorentz  polarization  and  0 -angle  absorption  corrections  before  conversion  to 
structure  factors. 

Wherever  h,  k  or  1  are  even,  the  x-ray  intensities  are  much  stronger  than  where  they  are 

o 

odd,  which  implies  that  the  structure  is  the  superlattice  of  7.526A  divided  by  2,  the  normal  perov- 

5  + 

skite  cell  dimension.  Since  Ta  has  been  found  to  occur  only  in  octahedral  sites  in  oxides,  it 

was  introduced  into  the  8i  positions  of  space  group  Pm3.  The  space  group  P2  3  is  inappropriate, 

because  it  contains  only  four  equivalent  positions  per  unit  cell.  The  4  Cu  atoms  per  unit  cell  were 

initially  placed  randomly  in  the  sites  3c  and  3d,  the  24  O  atoms  in  1  2  j  and  12k.  After  a  few  cycles 

of  refinement  with  a  least-squares  program,  a  reliability  factor  R  =  0.066  was  obtained.  The 

final  atomic  positions  are  shown  in  Table  I1I-5,  and  the  bond  distances  and  angles  in  Table  III— 6 . 

1  4 

(Reinen  and  Propach  have  independently  deduced  the  Pm3  space  group  on  the  basis  of  optical 
and  powder-diffraction  data,  but  did  not  determine  the  atomic  positions.) 

The  occupancy  factors  given  in  Table  III  -  5  for  the  3d  and  3c  Cu  sites  are  0.80  and  0.48,  re¬ 
spectively.  The  total  number  of  Cu  atoms  calculated  from  these  factors  (2.40  +  1.44  =  3.84)  is 
equal,  within  experimental  error,  to  the  stoichiometric  value  of  4  per  unit  cell.  Although  it  is 
remarkable  that  so  small  an  ion  as  Cu^  4  should  occupy  the  A  site  of  a  cubic  perovskite,  this  is 
made  possible  by  a  distortion  of  the  TaO^  network  that  reduces  the  A-site  anion  coordination  from 
twelve  to  four  nearest  neighbors,  plus  eight  next-nearest  neighbors.  The  four  nearest  neighbors 
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TABLE  111-5 

ATOMIC  POSITIONS  OF  CUBIC  CuTo„0, 

z  o 

Space  Group:  Pm3;  a  =  7.  526A 

Ta  in  8i 

±(x,x,x;  x,x,x;  x,x,x;  x,x,x) 

x  =  0.  2454(2)* 

Cu  in  3d 

(1/2, 0,0;  0, 1/2,0;  0,0, 1/2) 

occupancy  factor  =  0.  80(3) 

Cu^  in  3c 

(0,1/2, 1/2;  1/2,0, 1  A'  1/2, 1/2,0) 

occupancy  factor  =  0. 48(4) 

O  in  12k 

±(1/2, y,z;  z,l/2,y;  y,z,l/2; 

1/2, y,z;  z”,  1/2, y;  y,z,l/2) 

y  =  0.1 99(5) 

z  =  0.31  7(5) 

02in  1 2j 

±(0,y,z;  z,0,y;  y,z,0; 

0,y,z;  z,0,y;  y,z,0) 

y  =  0.315(4) 

z  =  0.  205(5) 

*  Standard  deviation  is  shown  in  parentheses  throughout  this  column. 

TABLE  111-6 

BOND  DISTANCES  (A)  AND  ANGLES  (deg)  OF  CuToJD, 

z  6 

Bond  Distonce  (A) 

Angle 

(deg) 

Octahedrol  around  To 

0,-Ta-O, 

3  X 

97.8 

Ta-0]  3X1.951 

°rTo-°2 

3  X 

172.5 

Ta-02  3X2.013 

O,  -To-02 

3  X 

88.3 

O.-Ta-O- 

3  X 

85.4 

Rectangular  around  Cu 

1  z 

O0-Ta-O0 

3  X 

87.9 

Cu  4X2.069 

z  z 

Ta-O.  -Ta 

143.6 

Cu2-02  4X  2.036 

l 

Ta-02-Ta 

143.0 

Oxygen  distonce 

O.  -Cu.-O. 

2  X 

84.7 

1  1  1 
O  -Cu.-O. 

2  X 

95.3 

Oj-Oj  4X2.941 

1  X  2.  789 

1  1  1 

°2-Cu2-°2 

2  X 

85.3 

1  X  3.057 

0]  -02  2X2.762 

2X2.  690 

°2"°2  4x  2-795 

1  X2.997 

1  X  2. 758 

0.-Cu„-0„ 

2  X 

94.7 

2  2  2 
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are  coplanar  and  nearly  form  a  square.  The  Cu.-O  nearest-neighbor  distances  are  2.069  A  and 

O  o 

the  Cu?-0  distances  are  2. 036  A,  close  to  the  sum  of  the  ionic  radii  (2.  02  A).  The  eight  next- 

o 

nearest  neighbors  are  at  distances  too  large  for  significant  Cu-O  bonding:  4  Cu^-O  at  2.634A, 

4  Cu^-O  at  3.288A,  4  Cu^  -O  at  2.816A  and  4  Cu^ -O  at  3.256A.  The  CuO^  square  complexes  are 
isolated  from  each  other,  sharing  corners  with  eight  TaO^  octahedra.  The  TaO^  octahedra  share 
corners  with  each  other  in  a  zig-zag  form  having  a  Ta-O-Ta  angle  of  143°,  instead  of  the  180° 
found  in  the  ideal  cubic  perovskite.  The  Ta-O  distances  are  very  close  to  those  found  in  NaTaO 
KTaO.^  or  AgTaO^  perovskites,  but  the  O-Ta-O  angles  deviate  somewhat  from  90°  and  180°, 
showing  a  distorted  TaO^  octahedron.  ^  Y-P  Hong 


3' 
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IV.  PHYSICS  OF  SOLIDS 


A.  RARE-EARTH  PHOSPHORS  FOR  NEAR -INFRARED-TO- VISIBLE  UPCONVERSION 

We  are  continuing  our  study  of  near-infrared  excitation  of  phosphors  to  achieve  visible 

3+  3-l 

radiation  in  the  system  NaYF^rYb  ,  Er  .  The  primary  emphasis  has  been  to  achieve  the  high¬ 
est  effective  excitation,  in  order  to  determine  the  level  at  which  saturation  effects  limit  the 
efficiency. 

Although  there  is  continuing  difficulty  in  producing  a  sample  of  a  given  composition  with  the 
same  luminescing  properties  from  run  to  run,  in  the  last  quarter  a  sample  has  been  made  with 
composition  NaY^  gYbQ  ^gErQ  q2^4  is  approximately  twice  as  effective  in  producing  green 

luminescence  for  a  given  infrared  excitation  as  the  sample  discussed  in  the  preceding  Solid  State 
Research  Report.  All  measurements  reported  here  were  made  on  this  new  sample. 

Our  excitation  sources  included  a  xenon  arc  lamp  operating  at  20  a  CW,  or  at  130 A  pulsed 
for  15msec  with  a  repetition  rate  of  1  sec.  This  source  was  focused  on  the  sample  through  a 

o  o 

Baird-Atomic  97 50- A  filter  with  a  150-A  half-band  width.  In  addition,  to  achieve  higher  effec¬ 
tive  inputs,  a  Nd-YAG  laser  was  employed.  Although  the  laser  was  CW,  it  was  mechanically 
chopped  to  have  the  beam  strike  the  sample  with  a  20-msec  pulse  width  at  a  1-sec  pulse  rate. 

This  was  necessary  to  reduce  the  heating  effect  of  the  laser  beam.  The  visible  emission  goes 
through  a  monochromator  to  a  photomultiplier  tube  and  finally  to  a  Keithley  boxcar  integrator, 
which  was  gated  to  read  the  output  signal  just  before  the  end  of  the  pulse. 

The  resulting  variation  of  visible  emission  as  a  function  of  infrared  excitation  is  shown  in 
Fig.  IV- 1.  Since  the  Nd-YAG  laser  wavelength  badly  mismatches  the  excitation  spectrum  of  the 
phosphor,  the  effective  laser  input  intensity  relative  to  the  true  input  of  the  xenon  source  optical 

system  was  obtained  by  matching  the  green/red/blue  output  ratios.  This  technique  has  previously 

2 

been  employed  by  Rich  and  Pinnow. 

Taking  the  exponential  relationship  O  =  In,  where  O  =  visible  emission  and  I  =  infrared  ex¬ 
citation  intensity,  n  =  2  for  the  lower  values  of  I  in  Fig.  IV- 1.  For  blue  emission,  n  =  3  at  input 
levels  to  the  left  of  the  lowest  point  shown  on  the  blue  emission  curve.  At  input  levels  approx¬ 
imately  corresponding  to  this  point,  an  observable  change  in  slope  occurs  in  all  the  emission 
curves.  While  these  changes  involve  a  reduction  in  the  value  of  n  for  green  and  blue  emission, 
n  increases  to  approximately  2.25  for  red  emission.  This  higher  value  is  indicated  by  the  heavy 
dashed  line  of  Fig.  IV-1. 

This  increase  in  n  is  significant,  since  it  establishes  that  the  mechanism  of  upconversion 

3 

is  itself  a  function  of  the  infrared  excitation  intensity  level.  In  particular,  Sommerdijk,  in  his 
study  of  the  mechanism  of  red  upconversion  of  NaYQ  77YbQ  ^qI^o  q3F4*  eliminated  the  three- 
step  process  as  a  factor  because  he  found  n  =  2.  It  is  now  apparent  that  this  is  true  only  at  the 
lower  input  levels.  An  intense  source  changes  the  distribution  of  upconversion  mechanisms  so 
that  the  three-step  process  represents  a  significant  proportion  of  red  emission. 

A  further  indication  of  a  change  in  upconversion  processes  is  our  observation  that  at  the 
more  intense  input  levels  the  time  required  for  the  visible  emission  to  reach  a  constant  value 
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RELATIVE  INFRARED  INPUT  INTENSITY 


Fig.  IV— 1 .  Variation  of  visible  light  emission  with  infrared  excitation  intensity. 
D  is  effective  input  position. 
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increased  with  increasing  excitation.  Over  the  region  of  laser  excitation,  this  rise  time  exceeded 
20  msec,  so  the  points  in  this  region  shown  in  Fig.  IV-1  lie  below  the  true  steady-state  output. 

This  effect  is  greatest  for  the  red  emission.  Measurements  using  50-msec  pulses  yielded  the 
two  points  included  in  Fig.  IV-1  for  comparison  with  the  20-msec  data;  the  highest  point  had  still 
not  achieved  a  steady-state  value. 

The  radiant  efficiency  of  infrarcd-to-visible  luminescence  in  our  sample,  in  the  optical  sys¬ 
tem  described  above,  is  shown  in  Fig.  IV-2.  It  is  based  on  comparison  of  luminescence  with  dif¬ 
fuse  reflection  from  MgO  in  each  of  the  spectral  regions  in  which  luminescence  occurs.  A  total 


Fig.  IV-2.  Efficiency  of  visible  light  emission 
in  optical  system  as  a  function  of  infrared  ex¬ 
citation  intensity. 


2 

radiant  efficiency  of  over  5  percent  is  achieved  at  an  effective  input  intensity  of  22W/cm  ,  and 
the  efficiency  is  still  rising  at  a  significant  rate  with  increasing  excitation.  Since  this  represents 
an  excitation  level  well  beyond  that  which  is  presently  available  on  a  CW  basis  in  this  spectral 

region,  it  appears  that  saturation  effects  do  not  represent  the  primary  limitation  in  the  system 

3+  3  + 

NaYF4:Yb  ,  Er  . 

The  primary  problem  lies  with  the  infrared  excitation  source  and  the  interface  between  it 
and  the  phosphor.  The  most  practical  source  to  date  has  been  a  GaAsrSi  diode.  A  Texas  Instru¬ 
ments,  T1XL12  diode  with  a  17  percent  efficiency,  coated  with  a  slurry  of  our  sample  and  glyc¬ 
erine,  yielded  a  green/red/blue  output  ratio  corresponding  to  the  effective  input  position  labeled 
D  in  Fig.  IV-2.  The  slurry  consisted  of  particles  of  differing  size,  at  varying  distance  from  the 
diode  surface.  Hence  they  were  subjected  to  differing  excitation  levels.  In  addition,  there  is 
the  problem  of  reflection  back  into  the  diode,  as  well  as  the  appearance  of  a  significant  amount 
of  infrared  excitation  which  passed  through  the  slurry  unaffected  (in  addition  to  the  infrared 
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Fig.  IV-3(o).  Schemofic  diagram  showing  motion  of  o  phose 
boundary  in  the  presence  of  on  electric  current  of  density  J 
ond  heat  flow  Jq. 


Fig.lV-3(b).  Schematic  representation  of  the  steady  stote  motion  of  o  pulse  of  insulating 
phose  injected  inta  the  metallic  phose  in  the  presence  of  electric  current.  J  is  electric 
current  density;  Jq,  heat  flow;  Jqj^,  thermoelectric  heat  flaw;  JQsub,  heot  flow  to 
the  substrate;  df -/dt,  Joule  heat  input;  ond  T  ,  tronsition  temperoture. 
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excitation  emitted  at  slightly  longer  wavelength). 

2 

position  of  D  appears  reasonable. 


Therefore,  an  uncertainty  factor  of  2  on  the 

N.  Menyuk 
K.  Dwight 
J.  W.  Pierce 


B.  METAL-INSULATOR  TRANSITION 

The  free  energy  description  of  the  metal-insulator  transition,  developed  earlier  for  the  case 
of  Ti^O^  with  one  electron  per  titanium  ion,  has  been  modified  to  cover  the  case  of  with  two 

electrons  per  vanadium  ion ?  The  new  model  is  being  programmed  and  will  be  studied  for  indica¬ 
tions  of  a  phase  transition  in  V^O^. 

Equations  describing  the  motion  of  the  boundary  between  insulator  and  metal  phases  in  the 
presence  of  an  electric  current  have  been  obtained  [see  Figs.  IV-3(a  and  b)J.  We  considered  a 
one-dimensional  problem,  with  the  heat  flow  in  either  phase  described  by  a  partial  differential 
equation  of  the  form 

—2 

—  +  kV2T  -  :iT-  VT  -  ca(T  -  T  =  c  ^  .  (IV-1) 

In  Eq.  (IV-1),  the  first  term  is  the  Joule  heat  input;  the  second  represents  heat  flow;  the  third, 
thermoelectric  heat  flow;  the  fourth,  heat  flow  to  the  ambient  or  the  substrate;  and  the  right- 
hand  side,  the  rate  of  increase  of  energy  per  unit  volume.  J  is  the  constant  current  density  flow¬ 
ing;  a,  electrical  conductivity;  k,  thermal  conductivity;  ‘f,  Thompson  coefficient;  c^,  a  constant; 
T^,  ambient  temperature;  and  c,  specific  heat  of  the  material.  The  motion  of  the  phase  boundary 
is  determined  by  the  boundary  condition, 

H  v 

l-«2vT2+c2TcJ]-t-1VT1+£lTcJJ=-[u1-u2]^  ,  (TV-2) 

where  2  and  1  refer  to  conditions  on  two  sides  of  the  phase  boundary;  and  c  is  the  thermoelectric 
power;  T  ,  critical  temperature  for  the  transition;  dx/dt,  velocity  of  the  phase  boundary;  and 
(ui  —  u2),  difference  in  internal  energies  per  unit  volume  between  the  two  phases.  Equations  ( TV  —  1 ) 
and  (IV-2)  arc  sufficient  to  determine  the  motion  of  the  domain  boundary. 

In  general,  solution  of  the  problem  is  very  difficult.  However,  a  steady-state  solution  can 
be  obtained  for  the  propagation  of  a  pulse  of  insulating  phase  injected  into  an  infinite  strip  of  con¬ 
ducting  phase  [see  Figs.  IV-3(a  and  b)].  This  problem  is  now  being  programmed  and  will  be 
studied  as  a  function  of  the  different  parameters  of  the  system. 

H.  J.  Zeiger 


C.  LASER  SPECTROSCOPY 

1.  Magnetic  Resonance  of  NO  with  a  CO  Laser 

The  fundamental  vibration-rotation  band  of  NO  centered  at  5.3  pm  heavily  overlaps  the  wave¬ 
length  region  (5.2  to  6.5  pm)  in  which  the  CO  laser  operates.  While  there  are  a  few  near  coinci¬ 
dences  between  NO  absorption  lines  and  the  CO  laser  lines,  none  of  the  CO  laser  lines  lie  within 
the  low  pressure  Doppler  width  of  a  nitric  oxide  line.  We  have  used  Zeeman  tuning  of  several 
absorption  lines  of  the  paramagnetic  NO  gas  to  bring  them  into  exact  coincidence  with  CO  laser 
lines.  In  this  manner  we  have  obtained  resolved  absorption  spectra  of  NO  with  the  fixed  frequency 
CO  laser. 
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The  measurements  were  made  using  either  a  high  stability  alcohol-cooled  (—  80 °C) 
CO-N^-He-Xe  laser^  or  a  low  stability  liquid-nitrogen-cooled  CO-N^-He-Air  laser.  The  fre¬ 
quency  stability  of  these  lasers  determines  our  effective  resolution;  the  estimated  short  term 
instabilities  are  <0.1  MHz  (Ref.  6)  and  <10  MHz,  respectively.  Both  lasers  were  operated  with 
small  intracavity  apertures  to  insure  single-mode  operation,  and  with  a  diffraction  grating  as 
one  cavity  mirror  for  discrete  frequency  tuning.  The  NO  gas  was  contained  in  a  cell  of  4  cm 
length  which  was  placed  in  the  room  temperature  bore  of  a  50-kG  superconducting  solenoid.  The 
linearly  polarized  laser  radiation  was  propagated  along  the  DC  magnetic  field,  which  was  homo¬ 
geneous  to  ±2  percent  over  the  cell  length.  After  traversing  the  gas  cell,  the  laser  beam  was 
attenuated,  passed  through  a  grating  spectrometer  for  absolute  calibration  purposes,  and  mon¬ 
itored  with  a  room  temperature  pyroelectric  detector. 

The  P(1  3)  ^  g  CO  laser  line  has  a  calculated  frequency  of  1884.357  ±  0.006  cm  1  (Ref.  7),  while 
the  R(3/2)3^2  line  of  NO  is  at  1884.318  ±  0.004cm  1  (Ref.  8).  The  separation  of  0.039cm  1  for 
these  two  lines  is  small  and  the  g-factor  for  the  J  =  3/2  energy  level  in  the  ‘HI  ^  2  electronic  state 
is  relatively  large,  g(3/2)  «  0.78.  Thus,  one  needs  only  a  few  kG  to  bring  the  11(3/2)^  /2  line  into 
coincidence  with  the  P(13)^  g  CO  laser  line.  Figure  1V-4  shows  the  signal  transmitted  through 
the  gas  cell  (20-torr  NO)  as  a  function  of  magnetic  field.  The  high  stability  CO  laser  was  used 


Fig.  IV-4.  Intensity  of  CO  laser  radiation 
[ P(  1 3)9  g  line]  transmitted  through  4  cm  of 
NO  at  20  torr  vs  mognetic  field. 


while  operating  on  the  P(13)^  g  line.  There  are  four  absorption  lines  immediately  apparent. 
These  four  lines  comprise  one-half  of  the  eight  line  Zeeman  pattern  for  the  R(3/2)  transition. 
The  radiation  is  polarized  perpendicular  to  the  field  and  the  electric  dipole  selection  rule  is 
AM  j  =  ±1,  leading  to  eight  possible  lines  for  this  J  =  3/2  to  J  =  5/2  transition.  Since  the 
P(13)g  g  CO  laser  line  lies  above  the  R(3/2)g^  zero-field  frequency,  we  observe  only  the  four 
lines  of  the  Zeeman  pattern  which  have  increasing  frequency  as  the  field  is  increased.  These 
transitions  are  identified  in  Fig.  IV-4  by  the  initial  and  final  values  of  Mj.  The  theoretical  rela¬ 
tive  intensities  of  these  lines  for  a  symmetric  top  molecule  are  (left  to  right)  2,  6,  12  and  24,  in 
good  qualitative  agreement  with  the  data  of  Fig.  IV-4.  From  the  measured  line  positions  and  the 
theoretical  g-factors,  we  find  the  separation  of  the  R(3/2)^2  NO  line  and  the  P(13)q  g  CO  line  to 
be  about  0.028  cm*1,  somewhat  smaller  than  the  calculated  value  of  0.039  cm"1. 
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There  arc  at  least  half  a  dozen  other  NO  absorption  lines  which  fall  near  enough  to  CO  laser 
lines  to  be  magnetically  tuned  for  resonance  spectroscopy.  We  have  taken  preliminary  data  on 
R(3/2)^  >t  Q(3/2)3y2  and  Q(5/2)^2.  A  more  detailed  study  of  these  and  other  lines  is  planned. 


F.  A.  Blum 
K.W.  Nill 


2.  Isotope  Shift  in  the  Fundamental  Band  of  CO:  Spectroscopic  Determination 
of  the  Isotopic  Mass  of  Cl3 


Using  a  PbSQ  82ScQ  diode  laser  operating  near  4.7  pm,  we  have  extended  our  previous^ 
high  resolution  measurements  on  C*20*  to  a  study  of  the  isotope.  From  a  precise 

measurement  of  the  spacing  between  absorption  lines  of  the  two  CO  isotopes,  we  have  deduced 
a  value  for  the  ratio  of  the  reduced  mass  of  C^O1^  and  C130^  in  good  agreement  with  the  ac¬ 
cepted  mass  spectrographic  value. 

The  isotopic  mass  of  C  has  previously  been  determined  from  infrared  spectroscopic  data 
by  fitting  the  measured  location  of  numerous  vibration-rotation  lines  of  Cl30*^  to  a  theoretical 
model  having  the  C*  mass  as  a  parameter.  ^  This  procedure  yields  a  fairly  accurate  mass  value 


from  data  obtained  with  a  spectrometer  having  a  resolution  of  only  0.1  to  0.2  cm 


-1 


Using  an  al¬ 


ternative  spectroscopic  technique,  we  have  determined  the  ratio  of  the  reduced  masses  of  the  two 
isotopes  from  a  precise  measurement  (±0.001  5  cm  *)  of  the  spacing  between  an  absorption  line 
of  each  of  the  isotopes.  The  two  lines  studied  were  the  P(4)  line  of  and  the  R(8)  line  of 

C13016.  These  lines  lie  near  2127.68  cm  *  and  have  a  measured  separation  of  0.015  cm  1  ± 

- 1  _1 

0.0015cm  .  The  wavelength  of  the  laser  was  grossly  tuned  about  20  cm  ,  using  a  magnetic 

field  of  34  kG  to  obtain  coincidence  of  the  laser  mode  and  the  absorption  lines.  The  separation 
between  the  absorption  lines  was  obtained  by  current  tuning  a  laser  mode  through  the  absorption 
line.  The  CO  gas  used  in  these  measurements  was  not  isotope-enriched,  and  pressures  up  to 
3  torr  in  a  10-cm  cell  were  required  to  obtain  the  desired  absorption  spectra  on  the  less  abundant 
(~1  percent)  C130*^  isotope.  The  value  obtained  for  the  reduced  mass  ratio  of  to  C130lb 

was  0.9559120.  This  value  may  be  compared  with  values  obtained  using  the  conventional  spectro¬ 
scopic  analysis  of  several  lines,  0.9558991  (Ref.  11),  and  the  accepted  value  obtained  from  mass 
spectrographic  analysis,  0.9559132  (Ref.  12).  We  have  not  yet  determined  the  errors  involved  in 
our  analysis,  such  as  those  associated  with  the  ±0.001  5  cm  uncertainty  in  the  line  spacing. 
However,  the  excellent  agreement  between  our  determination  and  the  accepted  value  suggests 
that  this  procedure  may  prove  to  be  a  useful  technique  for  spectroscopic  determination  of  isotopic 
mass  ratios. 

Data  were  also  obtained  on  two  widely  spaced  isotopic  lines,  P(5)  of  C120*^  and  R(7)  of 
C13Ol6.  Figure  IV-5  shows  these  lines  and  indicates  the  measured  spacing  of  0.55  ±  0.06  cm  1. 
The  absorptions  shown  in  Fig.  IV-5  were  produced  by  two  separate  laser  modes.  Mode  1  is  swept 
through  the  R(7),  c*30*^  absorption  at  very  nearly  the  same  current  that  Mode  2  sweeps  through 
P(5)  of  C12Ol6.  Since  the  largest  inaccuracy  in  our  measurements  is  the  laser  tuning  rate,  the 

large  line  separation  of  0.55  cm  *  results  in  a  large  uncertainty  (±10  percent).  The  calculated 

10  -1 

spacing  of  these  lines  (0.588  cm  )  lies  within  the  error  limits  of  our  measurement 

(0.55  ±0.06  cm  ).  K.W.  Nill 

F.  A.  Blum 

T.  C.  Harman 


43 


Section  IV 


Fig.  IV-5.  Absorption  lines  of  ond  isotopes  obtoined 

using  two  modes  of  o  PbSg  Q2^e0  18  ^aser»  Tuning  of  Mode  1  indicotes 
o  0.55  cm“l  spacing  between  P(5)  of  Qnd  R (7)  of 


TABLE  IV-1 

OPTICALLY  PUMPED,  FAR-INFRARED  LASER  LINES  FROM  NH3 

Pump 

For-lnfrored  Rodiotion 

Wovelength 

Wovelength 

(h  m) 

Tronsition 

(ym) 

Transition 

10.333 

R8 

282.1 

Q(2,2)  J  =2  -2 

10.350 

R6 

291.2 

Q(5,4)  J  =  5  -5 

72.6 

Q  (5 , 4)  J  =  5  -  4 

10.365 

R4 

58.0 

Q(7,5)  J  =  7-6 

10.719 

P32 

151.9 

Q(5,3)  J  =  5  -  4 
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3.  Application  of  Optically  Pumped,  Submillimeter  Lasers  to  GaAs  Linewidth  Studies 

Numerous  new  submillimeter  laser  lines  have  been  generated  using  TEA  CO^  lasers  to  op¬ 
tically  pump  molecular  systems  (Ref.  1,  p.  42).  In  our  most  recent  work,  population  inversion 
and  oscillation  have  been  obtained  from  both  the  rotational  and  inversion-split  states  of  NH^. 
These  new  transitions,  identified  and  listed  in  Table  IV-1,  are  stable  and  well  suited  for  spec¬ 
troscopic  applications. 

One  particular  problem  of  interest  is  the  linewidth  of  hydrogenic  donor  transitions  in  GaAs.1 
Theory  indicates  that  the  major  contributions  to  the  observed  widths  come  from  interactions  with 
the  electric  fields  from  surrounding  charged  donors  and  acceptors.  These  interactions,  when 
expanded  in  Taylor  series,  are  dominated  by  second-order.  Stark  perturbation  terms  and  terms 
involving  the  donor's  quadrupole  moment.  This  moment  for  the  2p,  m  =  -1  state  goes  through 
zero  at  approximately  55 kG. 

Using  the  Zeeman  effect  on  the  donor  states,  the  Is  — *  2p,  m  =  —  1  transition  in  GaAs  can  be 
tuned  through  a  291.2-pm  laser  line  by  varying  the  field,  as  shown  in  Fig.  IV-6.  The  contribution 
to  the  linewidth  at  this  field  (55 kG)  is  almost  entirely  due  to  the  quadratic  Stark  effect,  which 
yields  a  strongly  asymmetric  lineshape.  Comparing  this  data  with  that  obtained  from  the  Is  — *  2p, 
m  =  0  transition  and  CW,  optically  pumped  lasers  at  190jjLm,  information  can  be  obtained  on  the 
number  and  distribution  of  impurities. 

At  the  moment,  our  experimental  results  indicate  only  order-of-magnitude  agreement  with 
theoretical  predictions  based  on  the  number  of  donors  and  acceptors  measured  electrically. 


Fig.  IV-6.  Varlotion  in  GoAs  of  photoconductive  response  with  mognetic  field 
at  291.2  pm  ond  T  =  4.2°K.  Indicoted  on  trace  ore  cyclotron  resonance  ond 
Zeeman  splitting  of  donor  states. 
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Fig.  IV-7.  Increase  af  conductivity,  electron  density  and  mobility  as  a  function  af  electron 
irradiation  (number  af  electrons  per  cm  2)  far  samples  (a)  70-1 2 B 1  and  (b)71-13AAl.  All 
measurements  were  made  at  8°K. 
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Further  work  is  in  progress.  It  must  be  noted  that  our  measurements  required  attenuating  the 
submillimeter  2 91.2-pm  radiation  by  a  factor  of  fifty  to  avoid  power  broadening.  This  indicates 
that  the  high  peak  power  of  these  pumped  submillimeter  systems  has  interesting  nonlinear 


possibilities. 


H.  R.  Fettcrman  D.  M.  Larsen 

J.  Waldman  C.  M.  Wolfe 

C.  D.  Parker 


D.  IMPERFECTIONS  IN  SEMICONDUCTORS 

1.  Electron  Irradiation  Damage  and  Annealing  of  Hg^  ^Cd^Te  at  Low  Temperatures 

Samples  of  IIg>_  Cd  Tc  with  x  =  0.22  and  x  =  0.31  have  been  irradiated  with  dosages  of  up 
15  2  ^ 

to  1  X  10  /cm  of  2.5MeV  electrons.  The  samples  were  mounted  on  the  cold  finger  of  a  helium 

dewar  and  during  irradiation  remained  at  a  temperature  below  25  °K.  The  irradiation  changed 

1  3 

initially  p-type  samples*  to  n-type,  producing  up  to  10  electrons/cm J  at  8"K.  Figures  IV-7(a,b) 

show  the  dependence  of  conductivity,  electron  concentration  and  mobility  on  electron  irradiation 
dosage. 

After  irradiation,  the  samples  were  annealed  by  heating  for  15  minutes  at  progressively  higher 
temperatures  and  returning  to  8°K  after  each  step  to  make  the  measurements.  Figures  IV-8(a,b) 
show  the  conductivity,  carrier  concentration  and  mobility  as  a  function  of  annealing  temperature. 

In  both  samples,  much  of  the  change  in  electrical  properties  due  to  annealing  occurs  between 
50°  and  7  5°K.  This  low  temperature  annealing  is  thought  to  be  due  to  lattice  defects  rather  than 
trap  effects,  since  it  could  not  be  induced  by  illuminating  the  sample  with  intense  light. 

Photoluminesccnce  and  photovoltaic  response  were  also  measured  before  and  after  irradia¬ 
tion  and  at  several  stages  of  the  annealing.  As  seen  on  the  left  in  Fig.  IV-9,  for  sample  70-12131^ 
irradiation  broadens  the  emission  spectrum  obtained  by  exciting  the  sample  with  a  GaAs  diode 
laser  mounted  in  the  dewar  tail  and  shifts  it  toward  longer  wavelengths.  Whereas  annealing  to 
106°K  decreases  the  electron  concentration  of  the  samples  by  two  orders  of  magnitude,  the  lumi¬ 
nescence  spectrum  seems  to  show  little  change.  Most  of  the  effect  of  electron  irradiation  on  the 
luminescence  anneals  out  between  106°  and  231  *K.  The  spectrum  observed  after  annealing  at 
room  temperature  is  shifted  slightly  toward  shorter  wavelengths  from  the  pre-irradiation  spec¬ 
trum.  In  fact,  the  helium  temperature  conductivity  of  the  sample  at  this  point  is  still  a  factor- 
of-25  higher  than  the  initial  conductivity,  and  a  hole  concentration  of  4.5  X  lO^/cm^  is  obtained 
by  the  relation  R  =  l/pe. 

The  photovoltaic  response  of  the  sample  is  shown  on  the  right  in  Fig.  IV-9.  The  effect  of 
irradiation  is  seen  to  greatly  broaden  the  cutoff  and  to  shift  it  toward  longer  wavelengths.  A 
photoconductivc  signal  with  the  same  spectral  response  was  also  observed.  However,  when  the 
current  was  limited  to  the  ohmic  region,  the  photoconductive  signal  was  smaller  than  the  photo¬ 
voltaic  signal. 

Proton  irradiation  at  room  temperature*^  converts  p-type  Hg^  ^Cd^Te  to  n-type  for  com¬ 
positions  0.25  <  x  <  0.5.  However,  irradiation  of  samples  with  x  ^  0.2  failed  to  produce  n-type 
material.*^  In  contrast,  our  results  indicate  that  low  temperature  electron  irradiation  converts 
p-type  to  n-type  material  for  compositions  x  -  0.31  and  x  0.22. 

*  Hie  samples  had  approximately  3  x  10^  holes  cm3  77°K.  At  8°k  they  had  low  conductivity,  and  the  Hall  constant  could  not 
be  measured. 

+  lie  transport  properties  of  sample  70-1  2B1  have  been  studied  in  detail.  I A 
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Fig.  IV-8.  Conductivity,  carrier  concentration  and  mobility  at  8°K  as  a  function  of  annealing  temperature  far  samples 
(a)  70-12B1  and  (b)  71-13AA1.  Samples  were  held  at  each  successively  higher  annealing  temperature  far  15  minutes, 
then  returned  ta  8°K  for  measurement. 
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Fig.  IV-9.  On  left:  photoluminescence  spectrum  of  somple  70-12B1  at  various  stoges.  Doshed  line  in  each 
cose  is  obtoined  with  GaAs  exciting  loser  power  decreased  to  1/4.  Laser  powers  used  ore  the  same  in  all 
cases.  Vertical  scales  ore  arbitrory  except  that  they  are  the  same  for  both  full  and  reduced  power  curves 
in  eoch  cose.  InSb  detector  cuts  off  ot  5.4  pm.  Curves  hove  been  corrected  for  decreasing  detector  re¬ 
sponse  between  5.  1  ond  5.4  pm.  Peak  signal  to  noise  wos  5,  ond  resolution  wos  0.  1  pm  in  the  worst  case. 

On  right:  photovoltaic  response  of  somple  70-12B1  at  various  stoges.  Vertical  scales  are  arbitrary.  Post¬ 
irradiation  response  was  obout  a  factor-of-10  weaker  than  pre-irradiation  response,  and  became  stronger  with 
annealing.  Dips  in  some  of  the  curves  seen  at  4.6  to  4.  7  pm  are  due  to  a  competing  signal  of  opposite  po¬ 
larity.  Focusing  incident  light  on  a  different  spot  can  deepen  the  dip  or  reverse  polarity  of  the  signal. 
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The  shifts  of  the  luminescence  and  photovoltaic  cutoff  toward  lower  energy  indicate  that  low 

temperature  electron  irradiation  introduces  energy  levels  into  the  forbidden  gap.  Displacement 
17 

threshold  studies  may  help  to  identify  the  defect  species  produced. 

J.  Melngailis  W.  C.  Kernan 

J.  L.  Ryan*  H.  Rosen* 

T.  C.  Harman 

2.  Effect  of  Lattice  Vacancies  on  Electrical  Resistivity  of  Small  Gap  Semiconductors 

1 8 

A  previous  investigation  of  the  band  structure  of  Pb^  ^SnxSe  alloys  for  compositions 
x  =  0.17  and  0.20  (i.e.,  near  zero  gap)  revealed  the  surprising  result  that  the  value  of  pressure 
at  the  resistivity  minimum,  which  is  expected  to  occur  near  where  the  energy  gap  goes  through 
zero,  depends  on  carrier  concentration  and  also  carrier  type.  In  an  attempt  to  understand  this 

phenomenon,  we  are  studying  a  theoretical  model  of  the  effect  of  lattice  vacancies  on  the  elec- 

1 9 

trical  resistance  of  a  compound  semiconductor,  based  on  a  T-matrix  formalism.  The  self¬ 
energy  of  a  band  electron  in  the  presence  of  vacancies  is  formally  calculated.  Self-energy  is 
expressed  in  terms  of  matrix  elements  of  the  vacancy  perturbation  potential,  evaluated  with  re¬ 
spect  to  Kohn-Luttinger  basis  states.  The  results  are  applied  to  a  simplified  model  of  a  com¬ 
pound  semiconductor,  assuming  only  a  few  bands  are  important  in  the  evaluation  of  self-energy. 
Electrical  resistance  is  then  calculated,  based  on  a  phenomenological  Boltzmann  transport  theory. 

R.  W.  Davies 
H.  J.  Zeiger 


*  Group  69. 
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V.  MICROELECTRONICS 


A.  MASK-MAKING  LABORATORY 

Recent  efforts  in  the  mask-making  laboratory  are  concentrated  in  the  following  areas: 

(1)  Reducing  defect  density. 

(2)  Finding  a  reliable  vendor  for  chrome  photoplates. 

(3)  Developing  image  test  targets. 

Efforts  to  reduce  pinholing  and  other  defects  are  continuing  to  improve  the  quality  of  our 
work.  Most  recent  efforts  are  directed  toward  pinholes  in  the  chrome  masks.  We  discovered 
that  more  than  half  of  these  defects  can  be  traced  to  the  quality  of  the  chrome  and  its  photosensi¬ 
tive  coating.  In  order  to  help  us  get  high  quality  chrome  blanks,  we  wrote  a  set  of  specifications 
for  the  glass,  chrome  and  photoresist.  Since  we  now  check  incoming  chrome  blanks  against  these 
specifications,  improved  yields  have  resulted. 

We  undertook  an  extensive  effort  to  find  a  reliable  source  for  high  quality  chrome  blanks. 

The  reasons  for  this  task  are: 

(1)  It  will  relieve  our  thin  film  laboratory  from  the  routine  task  of  preparing 
such  plates. 

(2)  It  will  make  it  unnecessary  for  us  to  develop  quality  control  procedures 
for  uncoated  glass  plates. 

(3)  It  is  hoped  that  a  commercial  supplier  will  provide  a  product  of  consistent 
high  quality. 

In  efforts  to  find  an  outside  supplier  of  0.250 -inch-thick  glass  chrome  plates,  we  found  that 
glass  of  this  thickness  with  a  surface  finish  adequate  for  microelectronics  masks  is  extremely 
difficult  to  obtain.  Wre  therefore  conferred  with  the  people  for  whom  we  were  making  these  thick 
masks  in  order  to  ascertain  whether  or  not  they  could  use  thinner  plates.  With  this  slight  stim¬ 
ulus,  they  designed  a  vacuum  contact-printing  fixture  which  works  better  with  0 .060 -inch-thick 
masks  than  their  old  pressure  jig  did  with  the  0.250 -inch-thick  masks. 

This  new  development  made  our  chrome  plate  procurement  problem  much  simpler,  since 
0.060 -inch-thick  chrome  plates  are  becoming  an  industry  standard.  We  have  used  0.060-inch- 
thick  Bell  and  Howell  plates  for  some  time  for  less  critical  work.  We  are  awaiting  a  quotation 
from  them  for  plates  selected  to  our  specifications. 

In  the  meantime,  we  are  looking  for  other  sources  for  these  plates,  and  we  have  found  two 
additional  suppliers  who  can  meet  our  specifications.  Unfortunately,  the  highest  quality  plates 
are  not  supplied  with  a  photoresist  coating,  as  are  the  others.  As  an  example  of  the  stringency 
of  our  specifications,  one  major  mask  manufacturer  who  wants  to  make  chrome  blanks  for  us  is 
unable  to  meet  our  specification  of  no  pinholes  larger  than  0.5 pm  in  the  blank  chrome  plate. 

Although  we  successfully  reproduce  1.3-pm  lines  on  a  routine  basis,  we  have  been  unable  to 
reproduce  1.0-pm  lines  on  chrome.  However,  we  have  resolved  such  lines  on  emulsion.  In  an  ef¬ 
fort  to  improve  our  limiting  resolution  on  chrome,  we  prepared  a  resolution  test  chart  which  can 
be  used  to  study  the  properties  of  our  lens  and  the  effects  of  different  processing  procedures. 

D.  L.  Smythe,  Jr. 
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B.  SEMICONDUCTOR  DEVICES  AREA 

1.  Electron  Beam  Semiconductor  (EBS)  Diodes 

The  n  on  p  semiconductor  diodes  being  produced  for  the  EBS  program  meet  required  elec¬ 
trical  specifications  for  leakage,  punch-through,  thermal  resistance  and  minimum  voltage  break¬ 
down.  However,  the  shield  arrangement  to  protect  the  oxide  from  the  electron  beam  is  not 
entirely  satisfactory,  either  because  of  thin  spots  in  the  gold  shield  or  because  of  voids  occurring 
at  the  bonded  interface,  either  between  the  shield  and  the  package  or  between  the  shield  and  the 
device.  The  attachment  of  the  shield  is  troublesome  because  of  the  large  diameter  bond  required 
and  the  relatively  poor  surface  common  to  the  present  packages.  Thicker  shields  are  being  pre¬ 
pared  in  an  alternative  fashion  which  may  reduce  the  problem  of  thin  spots,  although  they  may 
aggravate  the  bonding  problems.  Other  approaches  to  prevent  the  electron  beam  from  creating 
an  oxide  charge  are  also  being  pursued.  These  include  different  oxides  and  glass  passivation, 
as  well  as  heavy  epoxy  coatings.  Evidence  of  contamination  on  some  diodes  after  operation  in  the 
Group  91  system  suggests  that  diode  degradation  may  result  from  the  operational  environment, 
even  after  the  oxide  charge  problem  is  solved. 

Some  disagreement  exists  regarding  the  actual  value  for  the  thermal  resistance  of  the  pres¬ 
ent  packaged  devices.  Our  measurements  indicate  typical  values  of  1 0  C/W,  or  less,  and  inde¬ 
pendent  measurements  of  these  devices  by  commercial  organizations  correlate  well  with  our 
findings.  However,  a  theoretical  analysis  by  Group  91  personnel  of  thermal  resistance  for  the 
EBS  devices  and  package  indicates  that  no  less  than  1.8°  C/W  is  possible.  In  any  case,  the  orig¬ 
inal  requirement  for  a  thermal  resistance  of  less  than  3°  C/W  has  been  achieved. 

Additional  EBS  units  selected  from  the  groups  of  delivered  units  are  operated  in  an  elevated 
temperature-bias  environment  to  evaluate  their  long-term  stability.  No  failures  have  occurred 
in  1000  hours  of  testing. 

2.  Optoelectronics  Program 

Several  experiments  on  wafer  processing  with  different  doping  are  in  progress  for  the  opto¬ 
electronics  sensor  program.  The  structural  and  fabrication  problems  related  to  the  large  diam¬ 
eter  devices  and  their  immersion  in  liquid  He  seems  to  have  been  resolved.  The  current  effort 
is  primarily  directed  toward  understanding  the  variations  wrhich  exist  in  the  finished  units  and 
toward  further  processing  with  different  dopants. 

The  partially  completed  epitaxial  reactor  system  is  being  used  with  good  results  to  produce 
silicon  nitride  passivation  for  silicon  devices.  Initial  use  of  silicon  nitride  is  being  made  for 
further  work  in  the  SIMTOP  process.  ^  A  Cohen 

C.  DEPOSITION  OF  METAL  OXIDE  THIN  FILMS  BY  RF  REACTIVE  SPUTTERING 

A  program  is  under  way  in  cooperation  with  Group  83  (Electronic  Materials)  to  prepare  high 
quality  thin  films  of  the  oxides  of  certain  metals  and  metal  alloys.  Of  particular  interest  are 
crystalline  VO^  (one  of  the  many  oxides  in  the  vanadium -oxygen  system),  amorphous  SnO^,  and 
mixtures  of  SnO^  and  Sb^O^.  Information  in  the  literature  and  early  experiments  indicated  that 
none  of  these  films  could  be  prepared  by  sputtering  onto  an  unheated  substrate.  Since  the  design 
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of  the  substrate  platform  in  the  sputtering  equipment  available  for  this  work  precluded  the  incor¬ 
poration  of  direct  heating,  a  copper  block  heated  by  six  cartridge  heaters  was  designed  which 
would  sit  on  tne  substrate  platform  {separated  from  the  aluminum  of  the  platform  by  thin,  ceramic 
spacers).  This  block  is  capable  of  heating  substrates  uniformly  to  temperatures  in  excess  of 
600 °C.  However,  because  of  space  limitations  within  the  vacuum  chamber,  no  cooling  is  avail¬ 
able  to  the  heated  block  and  the  resultant  cool-down  period  of  several  hours  limits  the  number  of 
runs  that  can  be  made  to  one  per  day. 

o 

Very  thin  films  (less  than  200  A)  of  high  quality,  amorphous  SnO^  and  SnO^/Sb^O^  mixtures 
have  been  prepared  by  RF  reactively  sputtering  either  pure  Sn  or  a  Sn/Sb  alloy  in  a  mixture  of 
between  5  and  20  percent  in  Ar.  The  total  pressure  of  the  sputtering  gas  is  between  5  and  10 
mtorr,  and  the  substrate  temperature  is  maintained  at  temperatures  close  to  600 °C.  Films  of 
pure  VO^  have  not  yet  been  obtained.  However,  films  of  mixed  oxides  which  are  predominately 
VO^  have  been  prepared,  and  show  very  promising  electrical  properties.  These  films  are  pre¬ 
pared  by  sputtering  in  a  gas  mixture  of  between  10  and  15  percent  in  Ar,  at  a  temperature  of 
approximately  400 °C.  Future  experiments  are  expected  to  yield  pure  VO^  films  by  the  careful 
selection  of  the  several  sputtering  parameters.  ^  j 

D.  BONDING  AND  ASSEMBLY 

1.  Parylene 

One  of  the  methods  for  conformal  coating  of  semiconductor  devices  is  the  Union  Carbide 
licensed  parylene  process.  The  process  consists  essentially  of  three  steps: 

(a)  Vaporization  of  the  dimer  {a  white  stable  crystalline  solid). 

(b)  Pyrolysis  of  the  vapors. 

(c)  Deposition  of  the  polymerized  material  on  the  surfaces  to  be  protected. 

These  processes  are  performed  in  a  vacuum  of  about  0.1  torr.  We  are  interested  in  the  method 
because  the  coatings  are  very  conformal,  pinhole  free,  and  form  an  effective  moisture  and  gas 
barrier.  Also,  the  film  has  good  dielectric  properties  and  is  resistant  to  attack  by  most  solvents 
and  chemicals.  One  of  the  most  important  criteria  for  deposition  control  and  efficiency  is  the 
measurement  of  the  percent  of  the  dimer  which  is  carried  over  and  is  seen  as  polymer  on  the 
substrate.  This  percentage  is  determined  by  an  analysis  of  the  dimer  absorption  band  on  an  in¬ 
frared  spectrograph  in  the  1  4  to  14.2-pm  region.  Our  processing  is  carefully  controlled  and  our 
parylene  films  show  a  maximum  of  1  or  2  percent  dimer  with  some  absorption  bands  so  shallow 
that  measurement  is  very  difficult. 

2.  Optoelectronic  Sensor 

This  package  was  constructed  for  use  by  Group  52  in  a  liquid  helium  dewar  and  has  a  240 -mil 
opening  under  the  semiconductor  chip.  A  2  8-lead  flat  pack  with  a  round  cavity  was  selected  for 
modification  after  a  survey  of  available  packages.  The  gold* plating  of  the  lead  frame  and  bonding 
pads  of  this  package  were  then  copper  plated  to  protect  these  surfaces  during  the  machining  of  the 
hole.  This  machining  was  done  by  the  EDM  spark  discharge  method,  after  which  the  copper  plat¬ 
ing  was  chromic-acid  stripped,  exposing  the  clean  gold  surfaces  for  bonding. 
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Installing  the  semiconductor  chip  over  the  package  opening  and  subsequent  bonding  to  the 
device  pads  requires  special  fixturing. 

3.  Electron  Beam  Semiconductors 

A  new  procedure  for  chip  attachment,  which  lowers  the  temperature  of  attachment  by  30 °C 
and  still  maintains  the  low  thermal  resistance  achieved  by  the  earlier  method  of  assembly,  has 
been  successfully  implemented.  Higher  yields  result  from  the  present  technique  because  the 
problem  of  chip  cracking  is  reduced  considerably.  The  bonding  of  the  inner  and  outer  shield 
edges  presents  problems  because  of  the  difficulties  of  alignment  and  visual  observation  during 
the  wobble  bonding  operation. 

4.  Environmental  Testing 

The  3-MHz-limiter  hybrid  circuit  was  designed  by  Group  63  to  be  temperature  stable.  A 
test  is  in  progress  to  examine  the  capability  of  the  prototype  hybrid  units  produced.  Five  of  these 
circuits  are  cycled,  on  a  continuous  basis,  for  18  hours  at  150°C  followed  by  8  hours  at  —  55°C. 
The  output  varies,  only  not  more  than  10  percent,  from  one  cycle  to  the  next.  Samples  of  this 
circuit  were  satisfactorily  centrifuged  at  1 2,000  g1  s.  Some  other  samples  which  were  spun  to 
destruction  are  being  carefully  examined  and  analyzed. 

T.  F.  Clough 
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